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Abstract

Cell division requires the assembly and organization of a microtubule-based mitotic
spindle. Microtubule assembly at multiple sites is dependent on Aurora kinase A activity, which
is promoted through a complex with TPX2 (targeting protein for XKlp2). Subsequent
organization of these microtubules and progression into anaphase requires balance between
forces orchestrated by antagonistic motor complexes. My studies show that the non-motor
protein RHAMM (receptor for hyaluronan mediated motility) integrates structural and
biochemical pathways to ensure the fidelity of cell division.
Silencing RHAMM in HeLa cells delayed the kinetics of spindle assembly. I located
RHAMM to centrosomes and non-centrosome sites for microtubule nucleation and found it
necessary for TPX2 localization and Aurora A activity at kinetochores. The RHAMM-TPX2
complex requires a conserved leucine zipper motif in RHAMM and a domain that includes the
nuclear localization signal in TPX2. These findings indicate RHAMM is needed for spatiallyregulated activation of Aurora A by TPX2, which coordinates spindle assembly.
I monitored mouse embryonic fibroblasts deficient for RHAMM through division and
identified defects progressing through the spindle checkpoint. In RHAMM-silenced HeLa cells, I
identified sustained activation of the checkpoint with unfocused spindles and unattached
kinetochores, implicating unbalanced motor activities mediated by kinesins. In metaphasedelayed cells, the abundance or location of checkpoint proteins was not altered. Moreover,
aberrant spindle orientation could not account for each delayed division. In RHAMM-silenced
cells, I found that the reciprocal immunoprecipitation of Eg5-TPX2, an inhibitory complex, was
reduced and that the concurrent inhibition of Eg5-generated force recovered division kinetics. I
ii

also observed a prolonged metaphase delay in a proportion of RHAMM-silenced cells, which
resolved through cohesion fatigue. Together, my findings indicate that RHAMM-mediated
attenuation of Eg5-dependent outward forces is needed to align chromosomes and progress
through division.
Lastly, I identified defects in spindle structure and function in redundant models for
RHAMM over-expression. Collectively, my studies demonstrate that RHAMM coordinates
Aurora A signaling and balances motor forces that are needed for cell division. These findings
provide novel insights into processes that are essential for mammalian cell division and the
maintenance of genome stability.
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Chapter 1: Introduction

1.1

Mitosis

There are 37 trillion (estimated) cells in the human body (Bianconi et al., 2014). Through
multiple rounds of coordinated cell division, or mitosis, one zygote cell develops into a
multicellular organism. Mitosis occurs throughout an organism’s life: during development and
growth, cell numbers increase to form a specialized multicellular organism; during adulthood,
regulated mitosis ensures cell replacement and regeneration. Successful mitosis is characterized
by the faithful segregation of duplicated chromosomes from the mother cell into two daughter
cells.

1.1.1

Chromosome organization during mitosis

The packaging of genetic information differs dramatically between interphase and
mitosis. During interphase, individual chromosomes and complexed proteins (i.e. chromatin)
occupy discrete territories. As the cell enters mitosis, chromatin condenses into visible loops and
coils, and individual chromosomes become distinguishable. Mitosis is divided into five distinct
stages: prophase, prometaphase, metaphase, anaphase and telophase/cytokinesis (Fig. 1.1). These
phases are characterized by the physical state of both the chromosomes and the mitotic spindle, a
microtubule-based machine that captures, aligns and segregates chromosomes during division.
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Prophase

Prometaphase

Metaphase

Anaphase

Telophase

Figure 1.1 Phases of mitosis in HeLa cells.
Schematics and the corresponding fluorescence microscopy images showing the different phases
of mitosis. In the fluorescent images (bottom row), DNA (DAPI) is labelled in red and the
mitotic spindle (tubulin) is labelled in green. During prophase, the DNA starts to condense, while
duplicated centrosomes, which are the major microtubule nucleation structures, start to move
apart to opposite sides of the nucleus. At the end of prophase, the nuclear envelope begins to
breakdown, which allows microtubules to interact with the chromosomes. During prometaphase,
-microtubule nucleation surges throughout the cell to build the mitotic spindle. During
metaphase, each sister chromatid is attached to microtubules originating from opposing sides of
the spindle. As a consequence, all chromosomes are aligned in the middle of the cell. During
anaphase, the cohesion that holds the sister chromatids together is cleaved. Sister chromatids are
pulled towards opposite sides of the cell so that both daughter cell ends up with an identical set
of chromosomes. During telophase, the final stage of mitosis, chromosomes decondense and the
nuclear membrane reforms. Concurrently, the cell membrane ingresses between the two nuclei,
which is followed by abscission to physically separate the two daughter cells. Scale bar= 10 μm.
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1.1.2

Chromosome cohesion during early mitosis

Prior to mitosis, the entire genome is duplicated during S-phase, and the duplicated sister
chromatids are held together by the cohesin complex at the centromere. The cohesin complex is
composed of four subunits of the SMC (structural maintenance of chromosomes) family of
proteins: Smc1, Smc3, Scc1 and Scc3 (Dej and Orr-Weaver, 2000; Hirano, 2000; Kschonsak and
Haering, 2015; Nasmyth et al., 2000; Naumova et al., 2013). The cohesin complex forms a “V”
shaped structure, which functions as a physical bridge that holds sister chromatids together at
centromeres (Akhmedov et al., 1998). During prophase, condensin, another member of the SMC
family of proteins, promotes the looping of linear chromatin segments, which will facilitate
subsequent chromosome movement (Hirano, 2000; Koshland and Strunnikov, 1996; Kschonsak
and Haering, 2015; Nasmyth et al., 2000; Naumova et al., 2013). Together, these two distinct
processes, sister cohesion and DNA condensation, forms the iconic “X” shaped chromosomes
visible during mitosis.
The cohesin complex will hold sister chromatids together until anaphase when the action
of an E3 ubiquitin ligase known as the anaphase-promoting complex/cyclosome (APC/C) severs
the cohesion between sister chromatids. The APC/C recognizes its substrates via degradation
motifs, such as the D-box and the KEN-box, and marks substrates to be degraded by the 26S
proteasome through the ubiquitination pathway (Townsley and Ruderman, 1998). During
cohesion release, the APC/C promotes the degradation of securin (Nasmyth, 2002) and cyclin B
(Kraft et al., 2003). Securin binds to and inhibits the enzymatic activity of separase, which is able
to cleave the cohesin complex (Ciosk et al., 1998). Separase activity can also be inhibited by
3

cyclin B/Cdk1-mediated phosphorylation. Thus, degradation of cyclin B and securin by APC/C
is needed for optimal separase activity and subsequent cleavage of the cohesion complex and
entry into anaphase (Castro et al., 2005; Clute and Pines, 1999; Zur and Brandeis, 2001).
Prior to anaphase, chromosomes must first be aligned at the cell equator during
metaphase. To accomplish this, each chromosome is attached to microtubules originating from
the opposing poles of the mitotic spindle. This process involves highly accurate interactions
between chromosomes and mitotic microtubules originating from multiple sites in the dividing
cell, including the spindle poles and the chromosomes. At the metaphase to anaphase transition,
a highly conserved checkpoint mechanism, known as the spindle checkpoint, monitors
chromosome attachments and suppresses APC/C activity until all chromosomes are aligned,
which is described in more detail in section 1.3.

1.1.3

Chromosome segregation during mitotic exit

During anaphase, the loss of chromosome cohesion enables the movement of each
chromatid to opposite sides of the dividing cell. Anaphase is further separated into two stages:
anaphase A and anaphase B. During anaphase A, microtubules proximal to chromosomes shorten
and pull the two subsets of daughter chromatids apart and towards opposite sides of the cell
(Gadde and Heald, 2004; Tanenbaum and Medema, 2010; Walczak and Heald, 2008; Wittmann
et al., 2001). In anaphase B, longer microtubules slides past each other and, as a result, the
spindle poles further separate and the cell elongates (Gadde and Heald, 2004; Tanenbaum and
Medema, 2010; Walczak and Heald, 2008; Wittmann et al., 2001). Moreover, the central region
4

of the mitotic spindle is reorganized to form the midzone spindle, which determines the site of
the cytokinesis furrow (Tanenbaum and Medema, 2010; Walczak and Heald, 2008; Wittmann et
al., 2001).
During telophase/cytokinesis, the final act of mitosis, the cell membrane ingresses to
form a cleavage furrow at the equatorial cortex, where cytoplasmic contents are partitioned
between two daughter cells (Fededa and Gerlich, 2012; Rappaport, 1971). The cleavage furrow
will continue to constrict until the contractile ring, composed of actin filaments and myosin II,
reaches a diameter between 1 - 2 μm (Fededa and Gerlich, 2012; Rappaport, 1971), after which,
Golgi- and endosome-derived vesicles accumulate at the midbody to promote membrane
abscission (Goss and Toomre, 2008; Gromley et al., 2005; Schiel et al., 2011). At the completion
of mitosis, the nuclear envelope is reformed from membrane vesicles of the mother cell’s nuclear
envelope and the chromosomes decondense (Kschonsak and Haering, 2015; Naumova et al.,
2013).
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1.1.4

Outstanding questions

Walther Flemming (1878) first coined the term “mitosen” due to the threadlike
appearance of chromosomes observed during salamander egg cell division. I have only briefly
summarized our current knowledge of mitosis in order to highlight two key points: 1)
chromosome movement is highly dynamic and dictated by microtubules and associated proteins
that compose the mitotic spindle; and, 2) multiple mechanisms are at play to ensure equal
segregation of the genome. While we understand many aspects of mitosis, this thesis aims to
address key outstanding questions related to how the mitotic spindle is built and stabilized at
specific sites in the dividing cell (reviewed in Section 1.2); and, what proteins coordinate the
spindle checkpoint and protect genome fidelity by monitoring and enabling (or disabling) entry
into anaphase (reviewed in Section 1.3).
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1.2

Building and stabilizing the mitotic spindle

The mitotic spindle is the macromolecular machine responsible for capturing, aligning
and segregating duplicated chromosomes. The mitotic spindle is primarily composed of
antiparallel arrays of microtubules, which are hollow cylinders composed of 13 protofilaments
assembled from α/β-tubulin heterodimers arranged in a head-to-tail fashion. The organization of
microtubules produces an intrinsic polarity within each protofilament, defined by a plus-end
(where β-tubulin is exposed for the addition of new tubulin subunits and microtubule elongation)
and a minus-end (where α-tubulin is exposed for tubulin removal and microtubule shrinkage)
(Mitchison and Kirschner, 1984). This intrinsic polarity enables the directional movement of
molecular motors, which in turn enable directed force generation (Desai and Mitchison, 1997).
During mitosis, microtubule nucleation occurs at various locations in the dividing cell (Duncan
and Wakefield, 2011; Meunier and Vernos, 2012; Walczak and Heald, 2008) and these newly
made microtubules must be: 1) stable enough to maintain the overall structure of the spindle;
and, 2) dynamic enough to direct chromosome movement. These two attributes (i.e., stability and
movement) are ensured by microtubule-associated proteins and protein complexes, including
molecular motor proteins and non-motor adapter proteins.

1.2.1

Centrosomes separate during prophase to generate a bipolar spindle

In a typical somatic mammalian cell, the formation of a bipolar spindle is initiated by the
separation of duplicate centrosomes during prophase. The centrosome is a non-membrane
enclosed organelle composed of a pair of centrioles surrounded by a cloud of proteinous material
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called the pericentriolar material (PCM). The centrosome nucleates and organizes microtubule
arrays (Bornens, 2012; Doxsey, 2001; Nigg, 2002) and is duplicated along with the
chromosomes during S-phase (Meraldi and Nigg, 2002; Nigg and Stearns, 2011). During
prophase, the two duplicated centrosomes separate by moving along the nuclear envelope to
form the opposing poles of the mitotic spindle (Tanenbaum and Medema, 2010). This movement
is enabled by molecular motor complexes that slide microtubules relative to each other (Fig. 1.2).
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Figure 1.2 Motor protein movements during spindle assembly.
During prophase, centrosome separation is driven by Eg5- and dynein-mediated forces along the
nuclear envelope. During prometaphase and metaphase, dynein activity is antagonized by Eg5
and Kif15 to establish a balance of force along the mitotic spindle. Adapted with permission
from J. Raaijmakers (Raaijmakers, 2014).
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Kinesin-5 (aka Eg5) is a highly conserved plus-end motor that acts as a tetramer and
drives centrosome separation (Cole et al., 1994; Kapitein et al., 2005; Kashina et al., 1996).
When the two centrosomes are in close proximity, microtubules emanating from each organelle
will overlap and Eg5 tetramers will cross-link and slide these microtubules to push the duplicated
centrosomes apart (Kapitein et al., 2005; Kashina et al., 1996). While Eg5 is the main driver for
centrosome separation, and its loss of function results in monopolar spindles (Tanenbaum et al.,
2008; Whitehead et al., 1996; Woodcock et al., 2010), other motor proteins may be involved in
this process. In Drosophila, inhibition of Eg5/Klp61F does not affect centrosome separation in
prophase, although it is essential for subsequent spindle assembly (Sharp et al., 1999). In both
Xenopus and mammalian cells, the plus-end directed motor Xenopus kinesin-like protein 2
(Xklp2/Hklp2/Kif15) cooperates with Eg5 and is sufficient to fully separate centrosomes
(Tanenbaum et al., 2009; Vanneste et al., 2009). Unlike Eg5, Kif15 exists as a dimer and requires
an adapter protein, termed targeting protein for Xenopus kinesin-like protein 2 (TPX2), to crosslink and slide microtubules (Raaijmakers et al., 2012; Tanenbaum et al., 2009; Vanneste et al.,
2009; Wittmann et al., 1998). Interestingly, TPX2 targets Kif15, a plus-end-directed motor, to
microtubule minus ends located at the spindle poles by forming a complex with dynein, a minusend directed motor (Wittmann et al., 1998). Dynein may also promote centrosome separation
through two proposed mechanisms. First, dynein that is anchored at the cortex may act on
centrosome-anchored microtubules to pull and separate centrosomes (Sharp et al., 2000).
Second, dynein that is recruited to the nuclear envelope may pull along the nuclear membrane to
direct the two centrosomes towards opposite sides of the cell (Salina et al., 2002; Splinter et al.,
2010). Thus, centrosome separation requires the balanced and antagonistic activities of plus-end
directed and minus-end directed motor protein complexes acting along mitotic microtubules.
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1.2.2

Mitotic microtubules assemble at centrosomes to form the spindle

After nuclear envelope break down, mitotic microtubules are rapidly assembled at
various sites within the cell and organized into a distinct bipolar array termed the mitotic spindle
(Bornens, 2012; Meunier and Vernos, 2012; Tanenbaum and Medema, 2010; Walczak and
Heald, 2008). Different subclasses of microtubules contribute to different spindle functionality
and the overall success of cell division (Duncan and Wakefield, 2011; Meunier and Vernos,
2012; Walczak and Heald, 2008).
In a typical mammalian somatic cell, the centrosome is the main microtubule organizing
center and the duplicated, separate mitotic centrosomes constitute the spindle poles and facilitate
the bipolar nature of the mitotic spindle (Nigg and Stearns, 2011). Microtubule nucleation at
centrosomes is initiated by a specialized type of tubulin called γ-tubulin. Structures known as the
γ-tubulin ring complex (γ-TuRC) at the centrosome provide a template for the initial addition of
α/β tubulin heterodimers (Zheng et al., 1995). Nucleation capacity at the centrosomes surges
during prophase and prometaphase through recruitment of more γ-TuRC to centrosomes, as well
as other spindle assembly factors (SAFs) (Bornens, 2012; Compton, 2000; Duncan and
Wakefield, 2011; Meunier and Vernos, 2012; Walczak and Heald, 2008). Different mitotic
kinase complexes, from the families of Aurora kinases (Aurora A, B, and C), NEKs [NIMA
(never in mitosis in Aspergillus nidulans)-related kinases] and Polo-like kinases (PLK1-4), are
recruited to centrosomes and their activities promote centrosome duplication, microtubule
nucleation and cell cycle progression. Thus, the proper regulation of these kinases is crucial in
ensuring successful cell division.
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Centrosome-derived, or astral, microtubules establish a directional bias; that is, the density
of microtubule fibers emanating from the centrosome towards the chromosomes is greater than
those emanating towards the cell cortex (Bird and Hyman, 2008; Wang et al., 2014). This density
bias requires the action of scaffolding proteins (i.e., non-motor adapters and motor complexes)
and plays an important role in positioning the spindle during chromosome segregation and
cytokinesis. Astral microtubules probe the cytoplasm and capture individual chromosomes on a
specialized protein structure called the kinetochore (Chan et al., 2005). The attached
chromosome will have a mono-oriented configuration, because it is attached to only one spindle
pole, and will oscillate within the cytoplasm until the sister chromatid becomes attached to the
opposite spindle pole (Kirschner and Mitchison, 1986). This process is known as the “search and
capture” model (Kirschner and Mitchison, 1986). According to the model, successful “search
and capture” depends on the dynamic nature of astral microtubules, which allow the
microtubules to sample a large area in search of a chromosome; if it fails to capture a
chromosome, that particular microtubule is rapidly depolymerized (Walczak et al., 2010).
However, computational analysis demonstrates the “search and capture” model is restricted by
the size of the cell as well as the number of chromosomes (Wollman et al., 2005), suggesting that
additional mechanisms ensure bipolar chromosome attachment.
Analysis of various systems that lack centrosomes, such as oocyte divisions in mice
(Calarco-Gillam et al., 1983), Drosophila (Matthies et al., 1996) and Xenopus (Heald et al.,
1996), indicate alternative or additional pathways contribute to mitotic spindle assembly.
Furthermore, functional spindles can be built after laser ablation or physical displacement of both
centrosomes (Khodjakov et al., 2000; Steffen et al., 1986). In Drosophila, Centrosomin (cnn)12

null mutants fail to initiate microtubule nucleation at centrosomes, however, a bipolar spindle is
still observed and these larvae are able to reach adulthood with few observable defects in
morphology or developmental timing (Megraw et al., 2001). In monkey CVG-2 cells, laser
ablation of both centrosomes does not disrupt bipolar spindle assembly (Khodjakov et al., 2000).
These findings demonstrate that non-centrosomal microtubules are sufficient to construct a
bipolar mitotic spindle.

1.2.3

Mitotic microtubules assemble at/near kinetochores to form the spindle

A second model, termed “self-organization”, was hypothesized to explain bipolar spindle
assembly in the absence of centrosomes. The first experimental evidence that suggests
chromosomes may have a role in microtubule nucleation came from Karsenti and Kirschner,
when they showed that injecting E. coli DNA into Xenopus oocytes was sufficient to trigger
microtubule nucleation (Karsenti et al., 1984). Subsequent investigations demonstrate that DNAcoated beads can induce bipolar spindle assembly in Xenopus egg extracts, which supports the
idea that chromosomes are self-sufficient in mitotic spindle assembly and organization (Heald et
al., 1996).
Chromosome-mediated microtubule nucleation involves a small GTPase termed Ran,
which also regulates nucleo-cytoplasmic transport during interphase via the importin α/β
complex (Clarke and Zhang, 2008). In the nucleus during interphase, a high concentration of the
GTP- bound form of Ran (Ran-GTP) liberates newly imported cargos from importin-β (Ohtsubo
et al., 1989, 1987). During interphase, Ran GTPase-activating protein 1 (RanGAP1) in the
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cytoplasm catalyzes the hydrolysis of GTP to GDP and promotes binding between the importin
α/β complex and its cargo (Ohtsubo et al., 1989, 1987). Near chromosomes during
prometaphase, a chromatin-bound guanine exchange factor (GEF), called regulator of
chromosome condensation 1 (RCC1), locally establishes a high concentration of Ran-GTP
(Ohtsubo et al., 1989, 1987). During the process of spindle assembly, the high concentration of
Ran-GTP near the chromosomes establishes a gradient that triggers the local release of SAFs
from the importin α/β complex (Gruss et al., 2002; Ribbeck et al., 2006; Wittmann et al., 2000;
Wong and Fang, 2006). As an example, the Ran-GTP gradient liberates TPX2, which triggers
spindle assembly around chromosomes (Gruss et al., 2002, 2001; Tulu et al., 2006). Subsequent
studies show that TPX2 may also promote microtubule bundling to organize these kinetochore
fibers, or K-fibers (Schatz et al., 2003). Injection of importin-β and depletion of TPX2 reduces
microtubule nucleation at kinetochores and increases microtubule depolymerization (Tulu et al.,
2006). While additional SAFs have been shown to stabilize/organize microtubules in response to
Ran-GTP (eg. HURP, NuSAP, MCRS1) (Koffa et al., 2006; Meunier and Vernos, 2011; Ribbeck
et al., 2006; Santarella et al., 2007; Wong and Fang, 2006), TPX2 is unique for its microtubule
nucleation capacity.
Bipolar spindle assembly in systems lacking centrosomes takes much longer, and the
spindle fibers undergo a number of intermediate structures before being organized into a bipolar
structure (Duncan and Wakefield, 2011). For example, motor proteins must cross-link
antiparallel K-fibers and sort these microtubules into bipolar arrays, similar to the process
observed during centrosomal spindle assembly (Compton, 1998).

14

1.2.4

Motor protein complexes cross-link microtubules and maintain spindle bipolarity

Once assembled, microtubules must be focused at spindle poles to maintain spindle
bipolarity in cells with and without centrosomes. The minus-ends of newly formed microtubules
are stabilized and cross-linked at spindle poles by microtubule associated proteins (MAPs),
including motor and non-motor proteins.
TPX2, which accumulates at metaphase spindle poles in a dynein-dynactin dependent
manner, cross-links microtubules through high affinity binding (Garrett et al., 2002; Wittmann et
al., 2000) and is critical to focus the spindle. In mitotic Xenopus egg extracts, TPX2 depletion
reduced microtubule density and resulted in abnormal fragmented poles, whereas addition of
excess TPX2 resulted in dense monopolar spindles and ectopic microtubule asters (Wittmann et
al., 2000). TPX2 function at spindle poles is regulated by partner proteins, including Kif15
(Wittmann et al., 1998), Eg5 (Uteng et al., 2008), Aurora A (Kufer et al., 2002) and another
MAP called RHAMM (receptor for hyaluronan mediated motility) (Maxwell et al., 2005, 2003).
For example, expressing a C-terminal truncation of TPX2, which interrupts the Eg5 interaction
domain within TPX2, results in spindle fragmentation and multipolarity (Ma et al., 2011). The
importance of TPX2-RHAMM and TPX2-Aurora A interactions will be discussed in detail in
later sections.
The actions of all non-motor proteins during spindle assembly (eg. MCRS1-MCAK
(Meunier and Vernos, 2011), TACC3/ch-TOG/clathrin (Booth et al., 2011)) will not be
reviewed, but I will briefly outline the role of nuclear mitotic apparatus protein (NuMA), an
adapter for the minus-end motor dynein. NuMA is a large coiled-coil protein located at mitotic
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spindle poles (Gaglio et al., 1996, 1995; Merdes et al., 1996). Cytoplasmic dynein and NuMA
complex with dynactin to anchor one microtubule relative to an adjacent sliding microtubule
(Gaglio et al., 1996; Merdes et al., 1996), and tether centrosomes to the microtubule matrix
(Khodjakov et al., 2003). In cultured cells, the disruption of NuMA function results in unfocused
spindles and delays mitotic progression (Gaglio et al., 1996, 1995). In mice, genetic deletion of
NuMA displaces the centrosome from microtubules at spindle poles and results in unfocused Kfibers (Silk et al., 2009). Together, these findings highlight the important role non-motor
microtubule-associated proteins play in regulating motor activities and maintaining spindle
integrity.
For over 35 years, it has been appreciated that chromosomes can initiate microtubule
nucleation independent of centrosomes in mammalian tissue culture cells. It is now widely
accepted that microtubules can nucleate at different sites within the dividing mammalian cell,
and different subsets of microtubules may play different roles within the functional spindle. The
relative contribution from the “search-and-capture” and “self-organization” pathways vary in
different systems: abolishing or perturbing the Ran-GTP gradient results in more severe spindle
defects in egg extracts (Caudron et al., 2005) than in mammalian cells (Kaláb et al., 2006). While
spatial and temporal regulation of the Ran-mediated spindle assembly pathway is best described
in Xenopus egg extracts, an important goal for cell biology is to uncover the molecular regulators
of this process in mammalian cells. Chapter 3 reveals RHAMM as a critical determinant of
Aurora A-mediated microtubule assembly near kinetochores through the stabilization and
localization of TPX2.
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1.3

Bipolar chromosome segregation is safeguarded by the assembly checkpoint

It is vital to maintain genome stability during cell division. Genome instability refers to
increased tendency of alterations to the genome, a characteristic of all cancer cells (Negrini et al.,
2010). Most cancer cells harbor a form of genome instability called chromosome instability,
which refers to changes in chromosome structure and number resulting from abnormal mitoses
(Negrini et al., 2010). For this reason, multiple cellular processes ensure equal segregation of
chromosomes, including safeguards during chromosome duplication prior to mitosis and
chromosome alignment (ie. the spindle checkpoint) prior to mitotic exit. Equal chromosome
segregation requires each sister chromatid within a pair to form stable kinetochore-microtubule
(Kt-MT) attachment to opposing spindle poles, which will produce tension across sister
kinetochores due to pulling forces exerted by spindle microtubules (Zhou, 2002). Satisfaction of
the spindle assembly checkpoint relies on these two criteria: the attachment of chromosomes to
kinetochores and the tension exerted across kinetochores.

1.3.1

Chromosome attachment at kinetochores is monitored to ensure bipolarity

The kinetochore, a multi-protein platform, is the site on centromeric DNA where mitotic
microtubules attach with chromosomes. These attachments involve a complex interplay between
motor proteins, kinetochore proteins and spindle microtubules. K-fibers are the main sub-class of
microtubules involved in chromosome attachment (Khodjakov et al., 2003). The kinetochore
uses a conserved KNL1-Mis12-NDC80 (KMN) network to attach to the plus end of K-fiber
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microtubules and form bipolar or amphitelic attachments (Cheeseman and Desai, 2008; Joglekar
et al., 2010).
The KMN network is critical to the maintenance and satisfaction of the spindle assembly
checkpoint. First, the KMN network enables microtubule attachments to the kinetochore, which
can be lateral or end-on (Joglekar et al., 2010). Lateral attachment refers to when a kinetochore
encounters a microtubule lattice, while end-on attachments occur when a kinetochore attaches to
microtubule ends. Lateral attachments are initially made during prometaphase, but are then
converted to end-on attachments during metaphase to ensure 20-30 microtubules are attached to
each mature kinetochore within the bipolar spindle (Shrestha and Draviam, 2013). The NDC80
complex is the main component involved in microtubule binding, with high affinity for straight
microtubules and low affinity for curled microtubules, suggesting attachments are made
preferentially with stabilized microtubules (Alushin et al., 2010). The Mis12 and KNL1
complexes serve as the platform for assembly of kinetochore proteins (Cheeseman et al., 2006;
Kline et al., 2006) and recruitment of spindle checkpoint proteins (Cheeseman and Desai, 2008;
Kiyomitsu and Cheeseman, 2012), respectively, but have low affinity for microtubules
(Cheeseman et al., 2006). NDC80 molecules on adjacent microtubules can also cluster together
to serve as microtubule cross-linkers (Alushin et al., 2012, 2010).
The final end-on Kt-MT attachment must be strong and dynamic. Kt-MT attachments
must transduce forces exerted by spindle microtubules and motors during chromosome
alignment and segregation. Simultaneously, Kt-MT attachments need to be dynamic enough to
be depolymerized in the event of misattachment, which are not amphitelic attachments. The
robust, yet flexible nature of Kt-MT attachment is achieved by antagonistic motor proteins at the
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kinetochore. In particular, cytoplasmic dynein located at kinetochores has been implicated in the
initial microtubule capturing and fast-gliding prior to end-on attachment formation (Pfarr et al.,
1990; Rieder and Alexander, 1990; Varma et al., 2008). A high concentration of dynein is found
on unattached kinetochores, and these complexes are released once kinetochores acquire a
sufficient number of K-fibers (Hoffman et al., 2001; King et al., 2000). Conversely, the plus-end
directed motor MCAK opposes dynein (Abrieu et al., 2000; Maney et al., 1998; Rieder and
Alexander, 1990; Shrestha and Draviam, 2013; Yao et al., 2000). MCAK (mitotic centromereassociated kinesin), is a member of the kinesin-13 family, unlike the other kinesins, MCAK
utilizes the ATP turnover to function as a microtubule depolymerase, rather than a motor (Abrieu
et al., 2000; Maney et al., 1998; Rieder and Alexander, 1990; Shrestha and Draviam, 2013; Yao
et al., 2000). MCAK is necessary for the correct Kt-MT attachment, where depletion or
inhibition of kinesin activity resulted in misaligned chromosomes during metaphase and lagging
chromosomes during anaphase (Maney et al., 1998; Walczak et al., 2002, 1996).
MCAK is located at both centromeres and kinetochores (Desai et al., 1999; Wordeman
and Mitchison, 1995), but it becomes more closely associated with kinetochores, thereby moving
away from the centromere as chromosomes achieve bi-oriented attachment (Andrews et al.,
2004). This spatial segregation of MCAK determines its catalytic activity, such that
chromosomes without bi-orientation (checkpoint ON) will have a higher concentration of
MCAK on the centromere and a higher rate of microtubule depolymerization (Andrews et al.,
2004; Hunter et al., 2003). This balance of motor forces establishes tension, which is a major
signal for chromosome alignment needed to satisfy the spindle assembly checkpoint and progress
into anaphase.
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1.3.2

Activation of the checkpoint delays anaphase onset and protects genome integrity

The spindle checkpoint is a highly conserved quality control mechanism that can
transiently delay anaphase until all chromosomes are stably attached to the spindle in a bipolar
fashion (Foley and Kapoor, 2013; Lara-Gonzalez et al., 2012; Musacchio and Salmon, 2007).
The spindle checkpoint signal is generated at kinetochores. In the presence of an unattached or a
misattached kinetochore, a “wait anaphase” signal is generated. This signal can be rapidly
extinguished through laser ablation of the last unattached kinetochore (Rieder et al., 1995). The
checkpoint is an “all-or-none” response (Rieder et al., 1995) that is exquisitely sensitive and
titratable by increasing concentration of key mitotic checkpoint complex proteins at kinetochores
(Vink et al., 2006).
As mentioned previously, anaphase onset is initiated by the degradation of cyclin B
(Kraft et al., 2003) and securin (Nasmyth, 2002), resulting in the deactivation of Cdk1 (Chang et
al., 2003) and the activation of separase (Ciosk et al., 1998), respectively (Fig. 1.3). The spindle
checkpoint functions by inhibiting APC/C activity. This inhibition is established through the
formation of the mitotic checkpoint complex (MCC), which is composed of four key proteins:
Mad2, BubR1, Bub3 and cdc20 (Chao et al., 2012; Sudakin et al., 2001). Upon formation,
Cdc20, an activator of the APC/C, is sequestered in the MCC, thus preventing localized
activation of the E3 ubiquitin ligase (Acquaviva and Pines, 2006; Clute and Pines, 1999;
Hardwick et al., 2000; Sudakin et al., 2001; Tang et al., 2004). Formation of the MCC is
catalyzed on unattached kinetochores (Acquaviva and Pines, 2006; Clute and Pines, 1999;
Hardwick et al., 2000; Sudakin et al., 2001; Tang et al., 2004). These MCC proteins are
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important tumor suppressors. For example, silencing BubR1 results in precocious anaphase onset
and chromosome segregation errors. Moreover, mutations in BubR1 are causal for a cancer
predisposition syndrome, termed Mosaic Variegated Aneuploidy (MVA; OMIM 257300)
(Bohers et al., 2008; Chan et al., 1999; Fang, 2002; Hanks et al., 2004; Hanks and Rahman,
2005; Kajii et al., 2001; Kawame et al., 1999; Lampson and Kapoor, 2005; Limwongse et al.,
1999; Matsuura et al., 2006; Suijkerbuijk et al., 2010).
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Figure 1.3 The spindle checkpoint.
Schematic representation of the spindle checkpoint. The checkpoint prevents anaphase initiation
until all kinetochores are properly attached to the mitotic spindle. In prometaphase, unattached
kinetochores catalyze the formation of the MCC. The MCC binds to the APC/C activator cdc20,
thereby preventing APC/C activation. As a consequence, cyclin B and securin (inhibitor of
separase) are stabilized. In metaphase, when all kinetochores are stably attached to the mitotic
spindle, MCC cannot form and releases cdc20, which activates the APC/C and leads to the
ubiquitination and degradation of cyclin B and securin. As a result, separase cleaves sister
chromatid cohesion and initiates anaphase. Adapted with permission from J. Raaijmakers
(Raaijmakers, 2014).
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1.3.3

Inactivation of the checkpoint promotes anaphase onset

To promote entry into anaphase, the cell must first detect and distinguish between correct
and incorrect chromosome attachment. Bipolar attachment of a chromosome generates tension
across sister chromatids due to pulling forces exerted on the mitotic spindle (Gadde and Heald,
2004; Khodjakov and Pines, 2010; Maresca and Salmon, 2010; Zhou, 2002). Aurora kinase B
senses this tension and phosphorylates MCAK to promote the protein’s microtubule
depolymerizing activities (Andrews et al., 2004; Ems-McClung et al., 2013). Upon bipolar
orientation, the distance between sister centromeres increases and separates MCAK from Aurora
B allowing the dephosphorylation of MCAK by protein phosphatase 1 (PP1) (Andrews et al.,
2004; Ems-McClung et al., 2013; Gorbsky, 2004; Hsu et al., 2000; Hunter et al., 2003; Sassoon
et al., 1999). Thus, tension modulates MCAK activity, and subsequent microtubule
depolymerization (Andrews et al., 2004), and stabilizes Kt-MT attachments providing a positive
feedback loop that ensures incorrect attachments are severed while correct attachments are
maintained. Kt-MT attachments also enable the dynein-dependent removal of MCC components
and the local activation of APC/C (Howell et al., 2001; Wojcik et al., 2001). Inhibition of dynein
activity, in turn, accumulates key checkpoint proteins at kinetochores and promotes arrest during
metaphase (Howell et al., 2001; Wojcik et al., 2001).
The mitotic delay imposed by the spindle checkpoint is transient. Cells can slip past an
active spindle checkpoint and undergo premature sister chromatid separation (Gorbsky, 2013; C.
L. Rieder and Maiato, 2004; Rossio et al., 2010; Weaver and Cleveland, 2005). Alternatively, if
the checkpoint signal is sustained for a prolonged period of time, the cell may undergo
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unscheduled mitotic exit without chromosome separation and produce a single tetraploid cell,
known as “adaptation” or “mitotic slippage” (C. L. Rieder and Maiato, 2004; Weaver and
Cleveland, 2005). The newly made tetraploid cell may undergo apoptosis, p53-dependent G1
arrest or enter a new round of the cell cycle (C. L. Rieder and Maiato, 2004; Weaver and
Cleveland, 2005). Prolonged checkpoint activation can also induce a phenomenon known as
“cohesion fatigue” (Gorbsky, 2013). Cohesion fatigue describes the asynchronous separation of
single chromatids in cells that are arrested at metaphase (Gorbsky, 2013). Cohesion fatigue
initiates with separation of chromosomes at the centromere and then spreads outward along the
chromosome arms (Gorbsky, 2013). The separated chromatid may oscillate between two spindle
poles, which tends to cause chromosome fragmentation (Gorbsky, 2013). Interestingly, there is a
resurgence of spindle checkpoint signal on kinetochores of separated chromatids, detected by
high concentration of BubR1 (Daum et al., 2012, 2009; Lara-Gonzalez and Taylor, 2012). The
exact mechanism behind cohesion fatigue is not well known.
Both the functionality and kinetics of the spindle checkpoint are vital to the maintenance
of genome stability. Chapter 4 identifies RHAMM as a new regulator of the spindle checkpoint
that is needed to balance motor forces during chromosome congression and separation.
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1.4

Aurora kinase A signaling regulates mitotic spindle assembly

The activities of mitotic kinases are regulated both temporally and spatially and their
deregulation results in mitotic catastrophe, genome instability, and cancer. There are four main
mitotic kinase families: aurora kinases, polo-like kinases, cyclin-dependent kinases and NEKs.
As Chapter 3 describes a new mechanism responsible for Aurora kinase A mediated mitotic
spindle assembly, this section will review Aurora kinase A biology.

1.4.1

Aurora kinase A: discovery, structure, expression and subcellular localization

Aurora A is a serine/threonine kinase. Aurora refers to Aurora Borealis, as mutations of
aurora that were identified in Drosophila prevented centrosome separation and the resulting
monopolar microtubule aster resembled the atmospheric phenomenon (Glover et al., 1995).
Since its initial discovery, the following homologs of Aurora have been identified: S. cerevisiae
has a single Aurora kinase, known as Ipl1 (increase in ploidy 1) (Chan and Botstein, 1993); C.
elegans (Schumacher et al., 1998a, 1998b), Drosophila (Glover et al., 1995) and Xenopus (Roghi
et al., 1998) each have two types of aurora kinases: Aurora A and Aurora B; and, the Aurora
kinase family is composed of three members in mammals: Aurora A, B and C. In mammals,
Aurora A regulates centrosome and mitotic spindle assembly, Aurora B regulates the spindle
checkpoint and cytokinesis, while less is known about the testis-specific, Aurora kinase C
(Carmena et al., 2009).
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Aurora kinases are comprised of two domains: a regulatory domain in the N-terminus and
a catalytic domain in the C-terminus (Dodson et al., 2010). The regulatory domain is variable
between the three members, whereas the catalytic domain shares >70% sequence homology
between Aurora A and B (Carmena et al., 2009). Several degradation motifs have been identified
in Aurora A, including the D-box, A-box and KEN-box, recognized by the ubiquitination
pathway (Castro et al., 2002; Crane et al., 2004). Aurora A activation requires
autophosphorylation of the threonine residue T288 (Bayliss et al., 2003; Dodson and Bayliss,
2012; Eyers et al., 2005), which is achieved through binding with different co-activators (Bayliss
et al., 2003; Eyers and Maller, 2004; Hirota et al., 2003; Ouchi et al., 2004; Satinover et al.,
2004).
Northern blot analysis showed high expression of Aurora A in thymus, testis and fetal
liver and low expression in bone marrow, lymph node and spleen (Bischoff et al., 1998). Aurora
A expression is cell cycle regulated, with peak expression during late G2 to metaphase
(Katayama et al., 2004). Kinase expression decreases in an APC/C dependent manner during
mitotic exit and is barely detected after mitosis (Castro et al., 2002; Crane et al., 2004; Giubettini
et al., 2011). Aurora A localizes to duplicated centrosomes during G2 phase, decorates the
spindle poles and fibers from prophase to metaphase, and remains on the central spindle from
anaphase to telophase (Bischoff et al., 1998). During interphase, Aurora A was reported to
localize at the nucleus and the centrosome (Rannou et al., 2008).
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1.4.2

The functions of Aurora A during mitosis

Aurora A has cell cycle specific substrates and functions. In G2 phase, Aurora A is part
of the PCM and is activated by the LIM protein, Ajuba, to promote centrosome maturation
(Hirota et al., 2003). Active Aurora A phosphorylates SAFs, which is required for their
recruitment to the centrosome (Barros et al., 2005; Berdnik and Knoblich, 2002; Giet et al.,
2002; Kinoshita et al., 2005; Mori et al., 2007; Terada et al., 2003). At the G2-M transition,
Aurora A phosphorylates CDC25B, which localizes cyclin B to the nucleus and promotes mitotic
entry (Cazales et al., 2005). Depletion of Aurora A by RNA interference (RNAi) results in G2-M
arrest and subsequent apoptosis (Cazales et al., 2005).
During prophase, Aurora A promotes centrosome separation (Giet et al., 1999; Glover et
al., 1995; Roghi et al., 1998). In Xenopus, Aurora A phosphorylates the motor protein Eg5, but
the significance of this phosphorylation remains unknown (Giet et al., 1999). Interestingly, the
inhibition of either Aurora A or Eg5 prevents centrosome separation (Glover et al., 1995; Roghi
et al., 1998; Sawin et al., 1992). Eg5 is also a substrate of Cdk-1 and this phosphorylation event
strongly increases Eg5 binding to microtubules in Xenopus egg extract spindle (Cahu et al.,
2008). Thus, it is reasonable to speculate that Aurora A may drive centrosome separation through
Eg5, and this process may be phosphorylation dependent.
After nuclear envelope breakdown, TPX2 becomes the chief activator of Aurora A
(Bayliss et al., 2003; Eyers et al., 2003; Tsai et al., 2003). TPX2 activation of Aurora A is
multifaceted. The first 43 amino acids in the N-terminus of TPX2 binds to Aurora A (Bayliss et
al., 2003), which promotes its autophosphorylation on T288 (Bayliss et al., 2003; Dodson and
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Bayliss, 2012; Xu et al., 2011). Moreover, TPX2 binding induces a conformational change in
Aurora A that renders T288 inaccessible to the PP1 and PP6 phosphatases (Satinover et al.,
2004; Zeng et al., 2010), thus stabilizing Aurora A in its active form (Bayliss et al., 2003; Eyers
et al., 2003; Tsai et al., 2003). TPX2 binding is also necessary to target Aurora A to spindle
microtubules and poles (De Luca et al., 2006; Giubettini et al., 2011; Kufer et al., 2002).
Furthermore, TPX2 prevents the degradation of Aurora A through the action of APC/C, thus
stabilizing kinase expression in both interphase and mitotic cells (Giubettini et al., 2011). Lastly,
Shim et al identified a highly conserved phosphorylation site at the T72 residue in TPX2 that
may regulate Aurora A activity (Shim et al., 2015). Abolishment of phosphorylation of the T72
residue, through the use of the T72A mutant, upregulated Aurora A activity and resulted in the
elongation of spindle length (Shim et al., 2015). Furthermore, the T72A mutant preferentially
concentrates on the spindle, whereas wildtype TPX2 localized to both spindle and cytosol,
suggesting accumulation of the T72A mutant on the spindle may lock Aurora A in an active state
at this location (Shim et al., 2015). Thus, during mitosis, TPX2 binds, activates, protects, locates
and stabilizes Aurora A to promote mitotic spindle assembly.
Active Aurora A promotes microtubule nucleation and assembly by recruiting SAFs to
the centrosomes (Barros et al., 2005; Berdnik and Knoblich, 2002; Giet et al., 2002; Kinoshita et
al., 2005; Mori et al., 2007; Terada et al., 2003). For example, Aurora A phosphorylates Cnn, a
core component of the centrosome, and promotes its ability to anchor γ-tubulin during spindle
assembly (Terada et al., 2003). In addition to promoting their recruitment, active Aurora A also
protects SAFs from degradation. That is, Aurora A phosphorylates BRCA1 (breast cancer 1) and
inactivates the E3 ubiquitin ligase complex, BRCA1-BARD1 (BRCA1 associated ring domain
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protein 1) (Pujana et al., 2007; Sankaran et al., 2007, 2006, 2005). Aurora A also regulates
chromosome-mediated microtubule assembly (Koffa et al., 2006; Tsai and Zheng, 2005). As
demonstrated in Xenopus egg extracts, Aurora A promotes the formation of a protein complex
containing TPX2, Eg5, and other proteins to stimulate microtubule nucleation and stabilize Kfibers (Koffa et al., 2006). It has been postulated but not yet confirmed that Aurora A promotes
microtubule assembly at non-centrosomal sites in mammalian cells, as well.
Aurora A may also be involved in the satisfaction of the spindle checkpoint response and
the completion of cytokinesis. CENP-A, a variant of histone H3, was identified in a two-hybrid
screen and found to be a substrate for Aurora A (Kunitoku et al., 2003). Inhibition of Aurora Amediated phosphorylation of CENP-A results in chromosome misalignment during metaphase
and segregation errors during anaphase (Kunitoku et al., 2003). MCAK and Aurora B destabilize
erroneous Kt-MT attachments during the spindle checkpoint response (Andrews et al., 2004;
Hunter et al., 2003) (section 1.3.3), however, MCAK is also a substrate of Aurora A (Zhang et
al., 2008). MCAK phosphorylation by Aurora A appears to inhibit the depolymerizing action of
MCAK (Zhang et al., 2008). Aurora A overexpression may override the spindle checkpoint and
promote anaphase entry with defective Kt-MT attachments (Anand et al., 2003). These findings
highlight the importance of activating Aurora A at the correct time and location to promote
spindle assembly and to prevent genome instability.
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1.4.3

Aurora A is an important molecular target in many cancers

Genomic amplification of Aurora A has been identified in a variety of cancers, including
breast (Tanaka et al., 1999), ovarian (Gritsko et al., 2003), bladder (Fraizer et al., 2004; Sen et
al., 2002) and gastric (Kamada et al., 2004; Sakakura et al., 2001). Moreover, two polymorphism
in Aurora A associate with human tumor susceptibility: the F31I variant associates with elevated
risk to develop human colon and ovarian cancers (Dicioccio et al., 2004; Ewart-Toland et al.,
2003); and, the combination of F31I and V57I associate with increased breast cancer risk (Cox et
al., 2006; Egan et al., 2004). Overexpression of Aurora A transformed NIH 3T3 cells (Bischoff
et al., 1998; Zhou et al., 1998) and Rat1 fibroblast cells (Anand et al., 2003) and promoted tumor
formation in nude mice (Wang et al., 2006; Zhang et al., 2004). Importantly, Aurora A is located
on human chromosome 20q13 in close proximity to TPX2 (20q11), and 20q amplification often
occurs in tumors (Beroukhim et al., 2010; Scotto et al., 2008). Tumors with co-amplification of
Aurora A and TPX2 have been classified as having poor overall or progression-free survival
(Kadara et al., 2009). Indeed, the Aurora A-TPX2 complex has been termed an oncogenic
holoenzyme (Asteriti et al., 2010). Therefore, the process of tumorigenesis may be augmented or
attenuated through molecules and pathways that regulate the Aurora A-TPX2 complex.
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1.5

Molecular motors produce and balance forces needed for chromosome alignment

The mitotic spindle must be dynamic to accommodate chromosome movement and
changes in cell size. Initially, it was thought that microtubule assembly and disassembly
generated the force needed for chromosome alignment and segregation (Inoué and Salmon,
1995). This model was proven incomplete with the discovery of motor proteins, which are
mechanochemical ATPases (adenosine triphosphatase) that walk along microtubules to move
cargo and generate force. During mitosis, chromosomes are transported as cargos along the
microtubules composing the mitotic spindle, and force is generated as motors slide adjacent
spindle microtubules apart.

1.5.1

Plus-end directed kinesins vs. minus-end directed dynein

Motor proteins are classified based on their direction of travel: dyneins exhibit retrograde
movement toward the minus ends of the microtubule while kinesins exhibit antegrade movement
toward the plus ends of the microtubule (Goldstein, 2001; Vale, 2003), Fig. 1.2. Dyneins are
classified as either cytoplasmic or axonemal, while 14 members of the kinesin superfamily have
been identified and each are classified based on their sequence and cellular functions (Marx et
al., 2009).
Most kinesins are dimeric, with each monomer composed of three domains: 1) a highly
conserved motor head with ATPase activity that binds to microtubules; 2) a coiled-coil stalk that
mediates dimerization; and, 3) a non-conserved tail that binds to cargo (Marx et al., 2009). The
most notable kinesin in the dividing cell belongs to the kinesin-5 family, and is referred to as Eg5
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in mammalian cells. Eg5 was first identified in a genetic screen in A. nidulans and named BimC,
as one of the “blocked in mitosis” genes (Enos and Morris, 1990). Eg5 functions as a
homotetramer such that each unit has two motor heads at either end of an elongated stalk, similar
to a dumbbell (Blangy et al., 1995; Kashina et al., 1996; Sharp et al., 1999). This conformation
allows Eg5 to bind to two microtubules simultaneously, which mediates cross-linking and
sliding, and it is thus referred to as a sliding motor.
Eg5 is located diffusely throughout the cytoplasm during interphase but localizes to
spindle microtubules and enriches at spindle poles during mitosis (Groen et al., 2008; Kapoor,
2001; Kwok et al., 2004; Sawin et al., 1992). Eg5 establishes spindle bipolarity and its inhibition,
via siRNA or small molecule inhibition, induces prometaphase-like cells with unseparated
centrosomes (Groen et al., 2008; Kapoor, 2001; Kwok et al., 2004; Sawin et al., 1992). However,
in pre-formed metaphase spindles, Eg5 inhibition does not disrupt spindle integrity or bipolarity
but rather perturbs chromosome alignment and congression (Ferenz et al., 2009; Tanenbaum et
al., 2009; van Heesbeen et al., 2014; Vanneste et al., 2009). The latter findings suggest that other
kinesin family members may play a redundant or compensatory role in the establishment of
spindle bipolarity.
A member of the kinesin-12 family, Kif15 (H. sapien) or Xklp2 (Xenopus), functions in
concert with Eg5 to promote centrosome separation (Tanenbaum et al., 2009; Vanneste et al.,
2009). Unlike Eg5, Kif15 is a dimer and can therefore only walk on one microtubule at a time.
But, when bound by its adapter protein TPX2, the Kif15-TPX2 complex can function as a sliding
motor, allowing it to crosslink two microtubules simultaneously and slide them apart (Boleti et
al., 1996; Wittmann et al., 2000, 1998). Through an interaction with TPX2 and dynein, Kif15 is
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located at the centrosome throughout the cell cycle (Wittmann et al., 1998). Kif15 is also present
on spindle microtubules and enriched at the poles during mitosis (Wittmann et al., 1998).
Kif15/Xklp2 is not essential for the assembly of a bipolar spindle. The removal of >98%
of Xklp2 from egg extracts (Wittmann et al., 2000), or RNAi mediated knockdown of Kif15 in
HeLa cells (Zhu et al., 2005), did not affect bipolar assembly. However, in the absence of Eg5
activity, high expression of Kif15 is needed to restore bipolar spindle assembly and to replace all
the essential functions of Eg5 (Tanenbaum et al., 2009; Vanneste et al., 2009). This suggests that
the Kif15-TPX2 complex cooperates with the tetrameric Eg5 complex to mediate microtubule
sliding and produce outward-directed force on the mitotic spindle.
The outward-directed forces produced by Eg5 and Kif15 are antagonized by
inward-directed forces produced by cytoplasmic dynein (Ferenz et al., 2009; Florian and Mayer,
2012; Mitchison et al., 2005; Tanenbaum et al., 2008). Cytoplasmic dynein is a homodimer
composed of two heavy chains, two intermediate chains, four light intermediate chains and three
different light chain dimers (Kardon and Vale, 2009; Pfister et al., 2006). The ATPase is located
within the heavy chain, while the additional subunits are required to link dynein to its cargos, as
well as to provide structural support and maintain complex integrity (Trokter et al., 2012).
Dynein can be found at various locations in the dividing cell, including the nuclear envelope,
centrosomes, kinetochores, spindle microtubules and cell cortex (Kiyomitsu and Cheeseman,
2012; Maxwell et al., 2003; Pfarr et al., 1990; Steuer et al., 1990; Tanenbaum et al., 2008;
Tanenbaum and Medema, 2010). Various studies have implicated dynein in the control of
spindle organization, spindle positioning, chromosome attachment and movement, and spindle
checkpoint signaling (Dunsch et al., 2012; Howell et al., 2001; Maxwell et al., 2003; Varma et
al., 2013, 2008).
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Dynein interacts with various adapters, which in turn affects the motor’s subcellular
localization, cargo specificity, and motor processivity (Kardon and Vale, 2009). For example,
dynactin is a multi-subunit protein complex that links dynein together with a microtubule and its
cargo, and enhances dynein processivity in vitro (Kardon and Vale, 2009). At the kinetochore,
non-motor adapters (i.e. NdeL1 and LIS1) target dynein to microtubule minus ends and stabilize
Kt-MT attachments (Liang et al., 2007; Stehman et al., 2007). Upon spindle checkpoint
completion, dynein transports these checkpoint proteins poleward to initiate anaphase onset
(Howell et al., 2001; Wojcik et al., 2001). During spindle assembly and positioning, dynein is
also present on the cell cortex; asymmetric distribution of dynein on the cortex, which is
established by a Ran-GTP gradient from chromosomes (Kiyomitsu and Cheeseman, 2012),
exerts pulling forces on the astral microtubules emanating from spindle poles (Grill and Hyman,
2005) to define spindle orientation (Glotzer, 1997). Lastly, dynein located at spindle poles and
along spindle fibers antagonizes the forces generated by opposing kinesin motors, such as Eg5
and Kif15, to stabilize the spindle and ensure the correct alignment of chromosomes.

1.5.2

Balancing forces along the mitotic spindle

Antagonistic actions between mitotic kinesins (ie, Eg5 and Kif15) and dynein produce
opposing forces along the mitotic spindle, but, this antagonism is more complicated than a
simple “push-pull” model. After Eg5 inhibition by small molecule inhibitors, either Kif15
overexpression or dynein depletion can restore centrosome separation (Ferenz et al., 2009;
Florian and Mayer, 2012; Mitchison et al., 2005; Sharp et al., 2000; Tanenbaum et al., 2008).
However, in the absence of both Eg5 and Kif15, centrosome separation is completely blocked
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regardless of the presence or absence of dynein activity (van Heesbeen et al., 2014). These
findings show that a net outward force is required during centrosome separation. However, the
removal of individual antagonistic motors during metaphase changed mitotic spindle length,
which could be recovered by removing opposing motors in combination (Mitchison et al., 2005;
Sharp et al., 2000; Syrovatkina et al., 2013). Thus, balanced motor forces are favored during
metaphase and imbalances in force alter spindle architecture. In each of these studies,
perturbation of force affected downstream chromosome segregation. While these studies provide
insights into the coordination of antagonistic motors during spindle assembly and maintenance,
they fail to explain why chromosome segregation is affected.

1.5.3

Non-motors adapters modulate motor activities: TPX2 as the example

Dynein behavior is modulated by its adapters (Kardon and Vale, 2009); kinesin activities,
as well, are tightly regulated through partner proteins. For example, TPX2 is able to
downregulate the motor activity of both Eg5 (Balchand et al., 2015; Ma et al., 2011) and Kif15
(Drechsler et al., 2014). The C-terminus of TPX2 is required for its interaction with either Kif15
(Wittmann et al., 1998) or Eg5 (Eckerdt et al., 2008). Depletion of TPX2 (RNAi), or disruption
of the interaction between TPX2 and Eg5 (using a dominant negative, truncated form of TPX2),
increases Eg5 activity on antiparallel microtubules and causes these microtubules to buckle (Ma
et al., 2011). Single molecule tracking experiments reveal that Eg5 motor stepping is reduced as
long as TPX2 is bound to microtubules, even without a TPX2-Eg5 interaction (Balchand et al.,
2015). A similar inhibitory mechanism has been described for the TPX2-Kif15 interaction
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(Drechsler et al., 2014). Thus, TPX2 can act as a brake on outward force generated through Eg5
or Kif15.
Collectively, TPX2 appears to play both biochemical and structural roles during mitosis
[reviewed by (Neumayer et al., 2014; Wadsworth, 2015)]. As an activator of Aurora A, TPX2Aurora A complexes influence microtubule nucleation at centrosomes via phosphorylation of
SAFs (Bayliss et al., 2003; Dodson and Bayliss, 2012; Eyers et al., 2003; Eyers and Maller,
2004). As a partner protein of kinesins, TPX2 regulates Kif15 localization and inhibits Kif15 and
Eg5 activity (Kufer et al., 2002; Wittmann et al., 1998). But, how is TPX2 regulated during
mitosis? And, does the Aurora A-TPX2 complex also promote spindle assembly at noncentrosomal sites in mammalian cells (when centrosomes/spindle poles are present) as it does in
acentrosomal Xenopus egg extracts? Moreover, what proteins regulate the structural regulation of
motor proteins by TPX2 and how do these proteins alter chromosome alignment and anaphase
entry?
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1.6

The non-motor, spindle assembly factor receptor for hyaluronan mediated motility

In both human and Xenopus mitotic cells, 40–60% of TPX2 is in a complex with receptor
for hyaluronan mediated motility (RHAMM) (Groen et al., 2004; Joukov et al., 2006; Maxwell et
al., 2005, 2003). RHAMM is a cell cycle regulated, microtubule associated protein, and an
important cell division gene product in both mammalian (Neumann et al., 2010) and Xenopus
(Groen et al., 2004; Joukov et al., 2006) cells. However, the discovery, localization, function and
specific role of RHAMM in cancer and other pathologic states is controversial.

1.6.1

The discovery and brief history of extracellular RHAMM

RHAMM was originally isolated from supernatants of mouse NIH-3T3 and mouse
sarcoma virus transformed 3T3 cells as part of the hyaluronan (HA) binding protein (HABP)
complex (Turley et al., 1987). HA is a non-branched polysaccharide located in the extracellular
matrix (Lee and Spicer, 2000). Gel electrophoresis resolved the HA affinity-purified fraction and
identified three major protein bands at 70 kDa, 66 kDa and 56 kDa, respectively (Turley et al.,
1987). A follow-up study demonstrated that HABP and HA upregulated cell locomotion in
10T1/2 cells, which could be blocked by a monoclonal antibody raised against the 56 kDa
peptide (Turley et al., 1991). The first attempt to clone mouse RHAMM identified a 58 kDa
protein (designated RHAMM2) encoded by 340 amino acids (Hardwick et al., 1992). Polyclonal
antibodies raised against the amino acid sequence predicted by the cDNAdemonstrated cell
surface localization and these antibodies inhibited ras-regulated increased locomotion (Hardwick
et al., 1992). Consequently, the gene product was named RHAMM (Hardwick et al., 1992).
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Subsequent studies, using antibodies generated against the cDNA clone sequence from
RHAMM2, identified various protein isoforms ranging from 52 to 125 kDa (Entwistle et al.,
1995; Hall et al., 1995; Hardwick et al., 1992). These findings suggested the cDNA sequence for
RHAMM2, as described by Hardwick et al., was not the full length transcript. Indeed, Entwistle
et al. identified two transcripts, a major 70 kDa transcript termed RHAMM1, which did not
contain exon 4 (note: exon 8 of the full-length transcript), and a minor 73 kDa transcript that
contained exon 4 (exon 8), designated RHAMM1v4 (Entwistle et al., 1995). Overexpression of
the RHAMM1v4 isoform was then shown to induce and maintain ras transformation in mice
(Hall et al., 1995). Importantly, these studies used a cDNA that corresponds to exon 6 – 18 of the
gene (hyaluronan mediated motility receptor, HMMR) that encodes RHAMM.
The full length mouse RHAMM was identified as a single 95 kDa protein, translated
from a transcript with 18 exons encoding 794 amino acids in both immortalized mouse cells and
primary tissues (Fieber et al., 1999; Hofmann et al., 1998). Thus, the RHAMM2 variant
(Hardwick et al., 1992) (exons 10-18), the minor RHAMM1v4 variant (Entwistle et al., 1995)
(exons 6-18) and the major RHAMM1 variant (Entwistle et al., 1995) (exons 6-18, lacking exon
8) are incomplete transcripts of unknown physiological relevance. Expression of the full-length
RHAMM transcript was detectable in all mouse tissues examined with elevated mRNA levels in
testis, thymus and spleen (Fieber et al., 1999).
Human RHAMM was identified in a breast cDNA expression library using the mouse
RHAMM1 cDNA sequence (Wang et al., 1996). Human RHAMM is an 85 kDa protein with 725
amino acids encoded by 18 exons (Wang et al., 1996). No splice variant for exon 8 was
identified in human RHAMM, but two other splice variants have been detected. RHAMM
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lacking exon 13 (RHAMM-exon13) was identified in breast carcinoma (Wang et al., 1998) and
multiple myeloma samples (Crainie et al., 1999). RHAMM lacking exon 4 (RHAMM-exon4 or
RHAMM B) was identified in various cell lines and cancer tissues, including breast, myeloma
and colorectal (Assmann et al., 1998; Crainie et al., 1999; Line et al., 2002). Subcellular
fractionation and immunofluorescence showed human RHAMM as an intracellular protein
(Assmann et al., 1998). Concurrently, antibodies were raised against the 95 kDa protein for the
full-length mouse RHAMM and these antibodies showed intracellular localization exclusively
(Hofmann et al., 1998). Thus, it was proposed to rename the protein intracellular hyaluronic acid
binding protein (IHABP) (Hofmann et al., 1998). RHAMM is also designated as CD168.

1.6.2

Structural domains contained in RHAMM

RHAMM is encoded by HMMR, which is located on human chromosome 5q33.2-qter
(Spicer et al., 1995). RHAMM contains three key regions (Fig. 1.4): 1) a basic N-terminus,
within which exon 4 mediates a direct interaction with microtubules (Assmann et al., 1999); 2)
an extensive coiled-coil stalk that serves as a potential dimerization domain at aa 69-681
(Assmann et al., 1999); and 3) a basic leucine zipper at the C-terminus, which is highly
conserved across species (~45% and 80% identical to murine and Xenopus RHAMM
(XRHAMM), respectively (Groen et al., 2004; Maxwell et al., 2003). RHAMM interacts with
the spindle protein CHICA through a region within the stalk region (aa 365-546) (Dunsch et al.,
2012). In addition, a calcium-dependent calmodulin binding domain (aa 574-602) has been
identified, although the functional significance of this domain remains unknown (Assmann et al.,
1999).
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Figure 1.4 Structural domains and regions of RHAMM.
The amino-terminus binds to microtubules via exon 4. The central stalk of the protein is a
predicted coiled-coil structure. The carboxy-terminus contains a basic leucine zipper motif
(bZip), which mediates the localization of the protein to spindle poles and interactions with the
dynein motor complex. The HA-binding B(X)7B domains of RHAMM are underlined. Threonine
703 (Thr703) is phosphorylated by Aurora A.
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Two HA binding motifs were identified in the C-terminus of RHAMM, corresponding to
aa 636-646 and aa 658-667 (Yang et al., 1993). The amino acids within these motifs are basic
residues such as lysine or arginine, which allow RHAMM to interact with HA in an ionic manner
(Yang et al., 1994, 1993). This motif was labelled as the Basic (B) (X)7 Basic (BX7B) motif
(Yang et al., 1994, 1993), and was postulated to be a novel HA binding domain. Members of the
HA receptor complex on the cell surface (eg. CD44) use a large link module motif for HA
binding (Toole, 2004, 2001). RHAMM does not contain a link module and contains no sequence
homology with members of the HARC (HA receptor complex) family (Toole, 2004, 2001).
Moreover, the BX7B motifs bind to both acidic HA and heparin via an ionic interaction (Yang et
al., 1994, 1993). Sequence alignments and structural prediction revealed 72% homology between
the BX7B motifs in RHAMM (aa 627-670) and the basic leucine zipper (bZip) motif in
Kif15/hKlp2 (aa 1342-1388), including conservation of the leucines (Maxwell et al., 2003). The
bZip motif in Kif15 interacts with TPX2, which seeded the studies of RHAMM-TPX2 biology.
In RHAMM, a phosphorylation site just C-terminal to the bZip motif (T703) is recognized by
Aurora A (Maxwell et al., 2011) and PLK1 (Grosstessner-Hain et al., 2011). In the next section, I
will review the evidence supporting an intracellular role for RHAMM during cell division.

1.6.3

RHAMM expression and intracellular functions

Human RHAMM is differentially expressed in healthy tissues with significant mRNA
levels detected in the testis, spleen, placenta, and thymus (Greiner et al., 2002). RHAMM mRNA
and protein expression are cell cycle regulated with peak expression between late G2 to early M
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phases (Maxwell et al., 2005; Yang et al., 2005). RHAMM degradation is facilitated through
ubiquitination by the APC/C (Song and Rape, 2010) and BRCA1/BARD1 (Joukov et al., 2006)
through D, KEN, and TEK boxes located in the C-terminus of RHAMM (Song and Rape, 2010).
These degrons are within or in close proximity to the bZip motif and the C-terminal T703
phosphorylation site. In Xenopus oocytes, proper XRHAMM levels along the mitotic spindle are
established through regulated degradation by BRCA1/BARD1, which is vital for spindle pole
focusing (Joukov et al., 2006).
During interphase, RHAMM localizes to microtubules (Assmann et al., 1999) with
accumulation at the centrosome (Maxwell et al., 2003). The truncated mouse isoform,
RHAMMΔ163 (aa 163-794, aka RHAMM1v4) (Hall et al., 1995) also binds to microtubules and
modifies their stability through ERK1/2 activity (Tolg et al., 2010). During mitosis, RHAMM
promotes microtubule cross-linking via direct binding of microtubules at the N-terminus and
indirectly through an interaction with dynein at the C-terminal bZip motif (Maxwell et al., 2005,
2003; Tolg et al., 2010). The interaction between RHAMM and dynein maintains spindle pole
stability during metaphase (Maxwell et al., 2005, 2003) and depletion of RHAMM (siRNA or
microinjection of antibodies) delays mitotic progression and results in aberrant spindle
architecture, with an elevated proportion of multipolar spindles (Maxwell et al., 2003). In
Xenopus, XRHAMM promotes anastral spindle pole focusing, which also relies on the bZip
motif (Groen et al., 2004; Joukov et al., 2006). With respect to other filament systems, RHAMM
interacts specifically with polymerized actin (Assmann et al., 1999). RHAMM does not display
any canonical actin-binding motifs, however, it does show sequence and structural similarities to
tropomyosin, which is known to stabilize actin filaments (Ayscough, 1998). The exact manner of
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binding approach and the sequence involved in the interaction between RHAMM and actin
filaments remain unknown.

1.6.4

RHAMM in cancer

RHAMM was identified as a bona fide breast cancer susceptibility gene (OMIM:
600936) (Pujana et al., 2007). Haplotypes that either augment or reduce RHAMM germline
expression can elevate breast cancer risk (Pujana et al., 2007). In breast tumors, enhanced
expression of RHAMM at trabeculae and tumor island edges suggested involvement in tumor
cell invasion and motility (Assmann et al., 2001). Moreover, elevated RHAMM expression is
strongly associated with disease progression and overall survival in mammary carcinoma (Wang
et al., 1998), stomach (Li et al., 2000), pancreatic (Rein et al., 2003), colon (Yamada et al.,
1999), prostate (Gust et al., 2009) and head and neck cancers (Shigeishi et al., 2014). Thus,
elevated RHAMM expression has been identified as a poor prognostic marker in a variety of
cancers (Akiyama et al., 2001; Gust et al., 2009; Hall et al., 1995; Ishigami et al., 2011; Yamano
et al., 2008; Zlobec et al., 2008). On the other hand, hemizygous deletion of HMMR/RHAMM
has been identified in 46% of Neurofibromatosis-1 (NF1) associated Malignant Peripheral Nerve
Sheath Tumors (MPNSTs) (Mantripragada et al., 2008); in these tumors, as well as in myeloma
cancers, sensitivity to Aurora kinase A inhibition is dependent on gene dosage and expression of
HMMR/RHAMM (Mohan et al., 2013; Shi et al., 2007). Moreover, RHAMM expression is
absent in 96% of human seminomas, which may misorient germ cell divisions and underlie
tumor initiation (Li et al., 2016). From the COSMIC (Catalogue of Somatic Mutations in Cancer)
and CCLE (Cancer Cell Line Encyclopedia) datasets, the bZip motif in RHAMM is a hotspot for
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mutations. This motif contains a stretch of 9 alanines (encoding 3 lysine residues) and 24 out of
34 mutations identified in these datasets involve the insertion of an additional A to induce
frameshifts that may alter the stability of the protein. In addition, the alternative splicing of exon
4, which disrupts the protein’s binding to microtubules, correlates with poor progression of
multiple myeloma (Maxwell et al., 2004) and breast cancer (Venables et al., 2008). Moreover,
the expression of RHAMM-exon4 was sufficient to promote tumor growth and metastasis to lymph
nodes and liver of pancreatic islet tumors (Du et al., 2011). Taken together, it is difficult to
classify RHAMM as a tumor suppressor or an oncogene but it is clear that the expression of
RHAMM is strictly monitored and its over- or under-expression is associated with pathologies.
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1.7

1.7.1

Rationale, hypothesis and significance of study

Summary of rationale

Cell division relies upon the assembly of a microtubule-based mitotic spindle apparatus
that captures, aligns and segregates duplicated chromosomes. Assembly of the mitotic spindle is
spatially regulated by the localized activation of Aurora A, mediated by its co-activator TPX2
(Barros et al., 2005; Giet et al., 2002; Mori et al., 2007; Terada et al., 2003). To ensure equal
division of the genetic material, each sister chromatid within a pair needs to attach to
microtubules originating from opposing spindle poles; this process is monitored by the spindle
checkpoint and requires a balance of forces generated by opposing motor proteins (Ferenz et al.,
2009; Sharp et al., 2000, 1999, Tanenbaum et al., 2009, 2008; van Heesbeen et al., 2014). Motor
activities are regulated, in part, by non-motor adapter proteins, such as TPX2 and RHAMM
(Balchand et al., 2015; Drechsler et al., 2014; Dunsch et al., 2012; Ma et al., 2011; Maxwell et
al., 2003). In both human and Xenopus dividing cells, RHAMM is a partner protein of TPX2. In
Xenopus dividing cells, both depletion of Xenopus RHAMM as well as accumulation of
Xenopus RHAMM, through the loss of BRCA1, disrupts TPX2 localization and spindle
organization (Groen et al., 2004; Joukov et al., 2006). Thus, the interaction between RHAMM
and TPX2 may influence structural cues mediated by molecular motors and modulate
biochemical signaling pathways that ensure bipolar spindle assembly and mitotic progression.
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1.7.2

Hypothesis and aims of study

Hypothesis:
The interaction between RHAMM and TPX2 is necessary for Aurora kinase A mediated mitotic
spindle assembly at centrosome and non-centrosome sites, and balances the motor forces needed
to align chromosomes and complete the spindle checkpoint.

Aims:
1. Determine the necessity of RHAMM for Aurora kinase A activity during spindle assembly.
2. Determine the necessity of RHAMM for balanced motor forces that align and segregate
chromosomes.
3. Determine the consequences of RHAMM overexpression on mitotic outcomes.
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1.7.3

Significance

Mitosis is under tight regulation to preserve genome stability. Cancer cells are often

highly proliferative, making mitosis an attractive intervention point for chemotherapy, and
exhibit genome instability, which has been defined as an enabling characteristic of cancer. Antitumor drugs, such as Aurora A inhibitors, interfere with either the assembly or stability of the
mitotic spindle, thus inducing programmed cell death. My studies identify RHAMM as a novel
regulator of Aurora A-TPX2 and the Eg5-TPX2 complexes, which control the assembly of the
mitotic spindle and balance motor forces along the spindle that are needed for chromosome
attachment and segregation, respectively. Collectively, the findings from my studies outline
critical steps in the construction and organization of the mitotic spindle and preservation of
genome stability, which benefits our understanding of the tumorigenic process and may assist the
design or best use of the next-generation of anti-tumor drugs.
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Chapter 2: Materials and methods

2.1

Cell culture

2.1.1

Maintenance of HeLa cells

HeLa cells were purchased from American Type Culture Collection (ATCC) and cultured
in Dulbecco’s modified eagle medium (DMEM, Thermo-Fisher) supplemented with 10% fetal
bovine serum (FBS, Invitrogen), 20 U/ ml penicillin (Invitrogen) and 20 μg/ ml streptomycin
(Invitrogen). HeLa cells that stably express eGFP-alpha-Tubulin and mCherry-Histone-H2B
(Gruneberg lab, University of Liverpool) were cultured in DMEM supplemented with 10% FBS,
and maintained with 0.3 μg/ ml puromycin (Invitrogen) and 0.5 μg/ ml blasticidin S (Invitrogen).
HeLa tet-on cells that express elevated GFP-RHAMM following induction (see below) were
cultured in DMEM supplemented with 10% tetracycline-free FBS (Clontech), 10mM HEPES
(Invitrogen), 1 mM Na pyruvate (Invitrogen), 4 mM L-glutamax (Invitrogen), 200 μg/ ml
hygromycin B (Invitrogen), and 200 μg/ ml Geneticin (Fisher). All cell lines were grown at 37°C
in a 5% (v/v) CO2 incubator. Cells were passaged at 80% density, and reseeded at 15-20%
density.
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2.1.2

Maintenance of RPMI 8226 cells

RPMI 8226 cells were purchased from ATCC and cultured in ATCC-formulated
RPMI-1640 Medium (ATCC) supplemented with 10% FBS. Cells were grown at 37°C in a 5%
(v/v) CO2 incubator.

2.1.3

Maintenance of fibroblast cells

BJ fibroblast cells were purchased from ATCC and cultured in DMEM:F12 medium
(Invitrogen) supplemented with 15% FBS, 20 U/ ml penicillin and 20 μg/ ml streptomycin.
Primary human fibroblasts with a t(12q32.31-5q33) were purchased from the Coriell
Biorepository and maintained in MEM (Invitrogen) supplemented with 15% FBS, 20 U/ ml
penicillin and 20 μg/ ml streptomycin. For all experiments, Coriell fibroblast cells were only
cultured for four passages after thawing.
Primary mouse embryonic fibroblasts (MEFs) with genetic disruption of Hmmr were
isolated from embryonic day 13.5 mice (C57/BL6N). Tissues were homogenized using an 18gauge needle and a 10cc syringe, and cultures were seeded and incubated for two days,
trypsinized on day 3, and frozen once confluent. MEFs were cultured in DMEM supplemented
with 10% FBS (Invitrogen), 4 mM L-glutamax and 0.1 mM Non-Essential Amino Acids
(Invitrogen). For all experiments, MEFs were only cultured for two passages after thawing. All
cell lines were grown at 37°C in a 5% (v/v) CO2 incubator.
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2.1.4

Generation of tetracycline-inducible (tet-on) GFP-RHAMM in HeLa Cells

This cell line was generated by Dr. B.J. Taylor in Dr. L.M. Pilarski’s laboratory (Cross
Cancer Institute, Canada). Enhanced green fluorescent protein (eGFP) fused in frame with
full-length RHAMM (GFP-RHAMM) was amplified by polymerase chain reaction (PCR) to
contain 5’ Mlu I and 3’ Not sites, and inserted into Mlu I/ Not I digested pTre2HyG tetracycline
response vector (Clontech). Ten micrograms of this plasmid and 1x107 HeLa tet-on cells were
mixed together in 0.4 ml OPTI-MEM (Gibco) and electroporated in 4 mm gap cuvettes
(GenePulser set at 260 V, 960 uF; BioRad, Hercules, CA). Electroporated cells were grown in
standard HeLa media. After 48 hours, fresh media was added containing 400 μg/ ml Geneticin
(Invitrogen) and 200 μg/ ml hygromycin-B (Invitrogen) for selection of stable transfectants. The
cells were grown with media changes every 2-3 days. Distinct colonies began to form after 10
days. RHAMM expression was induced with 1 μg/ml doxycycline (Clontech) and colonies were
visualized by fluorescence microscopy. Colonies demonstrating fluorescence before induction
were marked as leaky expressers and avoided; those demonstrating fluorescent spindle staining
upon induction were picked and expanded under non-inducing condition in standard HeLa media
with selection. For subsequent experiments, the cells were treated with 1 μg/ml doxycycline to
induce GFP-RHAMM expression.

2.1.5

Lentivirus mediated shRNA knockdown and generation of shTPX2 sub-lines

This cell line was generated by P. Mohan in Dr. C. Maxwell’s laboratory. To produce
lentivirus containing small-hairpin RNA (shRNA) against TPX2, virus was packaged in HEK50

293FT cells using psPAX2 (packaging plasmid), pMD2.G (envelope plasmid) (Addgene), and
pLKO.1- based vectors targeting TPX2 or a non-hairpin (NHP) negative control (shRNA
sequences are described in Table 1). Plasmids were transfected into HEK293FT cells using
Lipofectamine2000™ (Invitrogen). Virus was harvested every 24 hours and kept at 4°C. Virus
was concentrated with the Lenti-X concentrator (Clontech) and stored at -20°C in phosphate
buffered saline (PBS). To transduce cell lines, cells were seeded in antibiotic-free media and,
after 9 hours, switched to OPTI-MEM for 24 hours. Next, 50 μl of virus and 8 µg/ ml Polybrene
(Sigma) were added to cells and incubated for 16 hours. Virus containing media was removed
and replaced with fresh antibiotic-free media. After 24 hours, 0.5 µg/ ml puromycin was added
to select for transduced cells for 1 week. Transduced cell lines were maintained with 0.3 µg/ ml
puromycin.

2.1.6

Transfection (siRNA and plasmids)

Small interfering RNA (siRNA) sequences are listed in Table 1. HeLa cells were seeded
at 80% density in 6-well plates and allowed to adhere overnight. Media was then changed to
OPTI-MEM and incubated for 8 hours prior to transfection. To transfect the cell-lines, each
siRNA construct was incubated in 250 μl OPTI-MEM for 5 minutes at room temperature to
make up a final concentration of 40 nM. Concurrently, 5 μl Lipofectamine 2000™ was added to
250 μl OPTI-MEM. For plasmid transfections, 2 ng of each plasmid was added. After the
incubation period, the two mixtures were added together and incubated for 20 minutes at room
temperature and then added drop-wise to cells. After 16 hours, cells were washed twice with
PBS and seeded for analyses. Expression of mRNA or protein was measured 72 hours post
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transfection. Cells were fixed for analysis 72 hours post transfection or living cells were imaged
between 72- 96 hours post transfection.

2.1.7

Cell synchronization

For synchronization, cells were treated with 200 ng/ ml nocodazole (Sigma) for 16 hours,
or subjected to a double thymidine block with 2 mM thymidine (Sigma). For double thymidine
block, the cells were incubated with thymidine for 16 hours and then released into drug-free
media for 10 hours, which was followed by a second incubation (16 hours) with thymidine. Cells
were collected or fixed at designated times after synchronization in accordance with each
experiment.

2.2

Reagents and antibodies

MG132 (Sigma), Hoechst (Invitrogen), MLN8237 (Selleck Chemicals) and BI2536
(Selleck Chemicals) were used as indicated. Primary antibodies used are listed in Table 2.3.
Secondary antibodies were conjugated to IR Dye (Rockland), HRP (Sigma) or to Alexa Fluor
488, 594 or 679 (Invitrogen). DAPI was purchased from Sigma.

2.3

Molecular cloning and site directed mutagenesis

Truncation variants of RHAMM and TPX2 were constructed using the Gateway cloning
system (Invitrogen). DNA fragments of RHAMM (1- 623), RHAMM (1- 679) and RHAMM
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(623- 724) were amplified from eGFP-RHAMM (1- 724). TPX2 (1- 319) was amplified from
mCherry-TPX2 (Origene) while TPX2 (40- 783) and TPX2 (319- 783) were amplified from
TPX2-GFP (Origene). Products were first cloned into pDONR223 (Invitrogen), and then
transferred into pLenti6⁄V5-DEST or pDEST57 expression vectors (Invitrogen). Site-directed
mutagenesis was performed using the QuikChange II kit (Agilent). All clones sequences were
validated by sequencing (ABI Prism 3130xl Genetic Analyzer). Primer sequences used for PCR
are listed in Table 2.1.

2.4

Genomic and reverse-transcription (RT) PCR and quantitative PCR

Genomic DNA was extracted with the DNeasy extraction kit (Qiagen) and RNA was
extracted from cells using RNeasy mini kit (Qiagen). Preparations were measured with a
NanoDrop (Thermo-Fisher). RT reaction conditions were: 1 cycle at 22°C for 5 minutes,
followed by 1 cycle at 42°C for 20 minutes, followed by 1 cycle at 85°C for 5 minutes, and held
at 4°C. RT reaction was carried out using the SuperScript VILO MasterMix reaction
(Invitrogen). Quantitative PCR (qPCR) reactions were run in triplicate in a 7000 series machine
(Applied Biosystems), using the Fast SYBR Green Master Mix reaction (Applied Biosystems).
qPCR cycling conditions were: 95°C for 5 minutes (initial holding stage), followed by 40
amplification cycles at 95°C for 60 seconds (denaturing stage) and 60°C for 30 seconds
(annealing/extension stage), followed by 72°C for 5 minutes (final extension stage), followed by
the generation of the melting curve, and held at 4°C until analysis. Analysis of qPCR results was
done using the delta delta Ct method. Expression of RHAMM mRNA was normalized to the
level of TATA box binding protein (TBP), while the level of HMMR gDNA was normalized to
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the level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primers are listed in Table
2.2.

2.5

Microtubule regrowth assay

Microtubules were depolymerized by treating cells with 5 μM nocodazole for 1 hour at
37°C. Cells were then washed three times with PBS and incubated in pre-warmed drug-free
media at 37°C to allow microtubule regrowth. Cells were fixed at specified time points or living
cells were imaged.

2.6

Immunofluorescence and image acquisition

Cells were grown on coverslips and fixed with cold methanol for 15 minutes at -20°C.
Cells were permeabilized with PBS-0.25% Triton X-100 (Sigma) for 5 minutes, washed with
PBS three times, and then blocked in PBS with 0.1% Triton X-100 and 3% BSA for 1 hour at
room temperature. Antibodies were diluted in PBS with 0.1% Triton X-100 and 3% BSA.
Primary antibodies were diluted, and incubated with coverslips for 2 hours at room temperature.
Secondary antibodies were diluted, and incubated with coverslips for 1 hour in the dark at room
temperature. Cells were washed before and after incubations three times in PBS-0.5% Tween-20.
Coverslips were mounted with ProLong Gold Antifade Reagent containing DAPI (Invitrogen).
Fixed cells were imaged using a 60X 1.2 NA oil objective with the Fluoview software
(Olympus) on the Olympus Fluoview FV10i confocal microscope (Olympus). Image stacks of 15
optical sections with a spacing of 0.7 µm through the cell volume were taken. Maximum
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intensity projection of the fluorescent channels was performed in ImageJ v1.46j (National
Institute of Health).

2.7

Fluorescence resonance energy transfer (FRET) biosensor

The FRET-based biosensor for PLK1 activity is as described by Liu et al., 2012. Briefly,
the biosensor was modified from a protein kinase C sensor (Violin et al., 2003) to include a CFP
(cyan fluorescent protein)/ YFP (yellow fluorescent protein) fluorophore pair with a substrate
peptide and an FHA2 phospho-Thr-binding domain in between. The PLK1 FRET biosensor is
fused to the kinetochore protein Hec1 (Liu et al., 2012) to specifically measure kinase activity at
kinetochores. PLK1 activity is high in prometaphase cells and decreases by metaphase
alignment, which is reflected by the increasing FRET ratio of the probe (reflecting a decreasing
level of phosphorylated substrate) as the cell progresses towards metaphase (Liu et al., 2012).

2.8

Live cell imaging

Cells were grown on glass coverslips, mounted in a silicone gasket (Chamlide CMM),
and placed in a 37°C and 5% CO2 environmental chamber (Precision Control). Images were
taken using the Olympus IX81 epifluorescence microscope (Olympus) with a 40X 0.75 NA dry
objective and a cooled charge coupled device camera (CoolSNAP HQ2; Photometrics)
controlled by the MetaMorph 7.5 software (Molecular Devices Inc.). For analysis of mitosis,
images were taken every 15 minutes using 350-ms exposures, 2x2 binned resolution, with 20%
of full lamp intensity for each channel, and 7 optical sections spaced 1.0 µm apart. For
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microtubule regrowth analyses, images were taken every 2 minutes using 350-ms exposures, 2x2
binned resolutions, with 20% of full lamp intensity, and 7 optical sections spaced 1.0 µm apart.
Maximum intensity projection of the fluorescence channels was performed in MetaMorph 7.5
software.
Cells grown in a 96 well plate (Corning) were placed in a 37°C and 5% CO2
environmental chamber (ImageXpress Micro XL). Images were taken using a 40X 0.75 NA dry
objective with the MetaXpress 5.0.2.0 software (Molecular Devices Inc.) on the ImageXpress
Micro XL epifluorecence microscope (Molecular Devices Inc.). Images were taken every 15
minutes using 100-ms exposures, 2x2 binned resolution, with 25% of full lamp intensity per
channel. Movies of the fluorescence channels were made in the MetaXpress 5.0.2.0 software.
Live imaging of the PLK1 FRET biosensor was performed using the Olympus IX81
epifluorescence microscope equipped with a 60X 1.35NA oil objective and a cooled charge
coupled device camera (CoolSNAP HQ2; Photometrics) controlled by the MetaMorph 7.5
software. TFP (teal fluorescent protein) and YFP (yellow fluorescent protein) emissions were
acquired simultaneously with a 505DCXR beam splitter (Dual-View; Optical Insights, LLC)
with the following optical filters: 438/24 for TFP excitation; 480/30 for TFP and 535/40 for YFP
emission, respectively. Images were taken every 2 minutes using 300-ms exposures at 2x2
binned resolution for 30 minutes after nocodazole washout, with 45% of lamp intensity and 5
optical sections spaced 1.0 µm apart. Post-acquisition processing of images was performed using
ImageJ v1.46j (National Institute of Health), as follows: The TFP and YFP emission images
were background corrected by subtracting the value obtained from the cytoplasm, which does not
include the kinetochore regions. The YFP/TFP FRET emission ratio value was then calculated as
an average for the region of interest that was demarcated by the whole cell. Pseudocolored FRET
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images were generated by viewing the ratiometric data using the Ratio LUT (Look Up Table)
plugin in ImageJ.

2.9

Western blot and immunoprecipitation analyses

Cells were lysed at 0.5 - 1.0 x 107 cells/ ml in RIPA buffer (25 mM Tris, pH 7.8, 150 mM
NaCl, 0.1% SDS, 1.0% NP-40, 0.5% sodium deoxycholate) or 0.5% NP-40 immunoprecipitation
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40) supplemented with
protease inhibitors (Roche). Cell lysates were clarified by centrifugation at 16,000 X g for 20
minutes at 4°C and protein concentration was determined using the BCA protein assay kit
(Pierce).
For immunoprecipitation experiments, cell lysates were precleared with protein A/G
PLUS-Agarose beads (Santa Cruz) and rotated for 2 hours at 4°C. Protein complexes were
isolated following the incubation of pre-cleared lysates with antibodies for 6 hours at 4°C, and
then the addition of protein A/G PLUS-Agarose beads for another 4 hours at 4°C during which
the mixtures were rotated. Isolated complexes were washed three times with lysis buffer.
Samples were mixed with SDS sample buffer, separated by SDS-PAGE, transferred to
nitrocellulose, and blotted with indicated primary antibodies and detected by HRP (horseradish
peroxidase)- or IR (infrared) Dye-conjugated antibodies and enhanced chemiluminescence (GE
Healthcare) or Odyssey IR imaging (LI-COR) system, respectively. Precleared lysates and
post-immunoprecipitation fractions were analyzed to determine the efficiency of the
immunoprecipitation.
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Low adhesive mitotic cells are dislodged by shaking at high speed on an orbital shaker
for five minutes, cells are collected along with media after shake-off.

2.10 Statistics

Data were expressed as mean ± standard deviation (s.d.) or as mean ± standard error of
mean (SEM) as indicated in each figure. Statistical analysis was performed by unpaired twotailed Student’s t-test or ANOVA as indicated in each figure. The results were considered
significant at P< 0.05.
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Table 2.1 Cloning primers and siRNA and shRNA sequences

Sequence
Truncation
RHAMM

FL

Sequence
Forward (F1): 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACCATGGTGAGCAAGGGCGAG 3’
Reverse: 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTTCCATGATTCTTGAC 3’

RHAMM1-623

F1
R:5’GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATCTTATTTTATTTAGCTGTTCCTGAGCTGCACC3’

RHAMM1-679

F F1
R:5’GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATGGTGTTTGGTACCTAGAACTTAATTCAAT 3’

RHAMM623-724

F:5’GGGGACAAGTTTGTACAAAAAAGCAGGCTTGAAGGAGATAGAACCATGAGAGATTCATATGCTAAAT
TATTGG 3’
R: 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACTTCCATGATTCTTGAC 3’

TPX2FL

F (F2): 5’ GGGGACAAGTTTGTACAAAAAAGCAGGCTCCACCATGGTGAGCAAGGGCGAG 3’
R: 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCGTTTAAACTCTTTCTTCACCGGCA 3’

TPX21-319

F: F2
R: 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCTAATTCATCAAATGTTCTTTTCTTTCCT 3’

TPX240-783

F:5’GGGGACAAGTTTGTACAAAAAAGCAGGCTCGAAGGAGATAGAACCATGAATTTGGAGAATAAGTTAC
TGGGG 3’
R (R1): 5’ GGGGACCACTTTGTACAAGAAAGCTGGGTCGTTTAAACTCTTTCTTCACCGGCA 3’

TPX2319-783

F:5’GGGGACAAGTTTGTACAAAAAAGCAGGCTCGAAGGAGATAGAACCATGGAAACAGTTTCTACATATG
TGCCC 3’
R: R1

Mutagenesis
RHAMML629R

F: 5’ GATTCATATGCTAAAcgATTGGGTCATCAGAATTTG 3’
R: 5’ TCTTATTTTATTTAGCTGTTCCTGAGCTGCACC 3’

RHAMML645R

F: 5’ AAGCATGTTGTGAAGcgGAAAGATGAAAATAGCCAACTC 3’
R: 5’ GATTTTTTGTTTCAAATTCTGATGACCCAATcgTTTAGC 3’

RHAMML663R

F: 5’ AAACTCCGCTGTCAGCgTGCTAAAAAAAAACAAAGTGAG 3’
R: 5’ TGATACTTCCGATTTGAGTTGGCTATTTTCATCTTTCcg 3’

siRNA
siHMMR 1

Sense: 5’ GAAAUAAGGACAAGCCUAAUU 3’
Antisense: 5’ PUUAGGCUUGUCCUUAUUUCUU 3’

siHMMR 2

S: 5’ GCAAAUACCUCCUCCCUAAUU 3’
AS: 5’ UUAGGGAGGAGGUAUUUGCUU 3’

siHMMR 3

S: 5’ UGGCUUUCCAAUUGGCUAAUU 3’
ASe: 5’ PUUAGCCAAUUGGAAAGCCAUU 3’

siKif15
Control

5’ GAGCUUCAGUCUUUGCAAA3’
AllStars Negative Control siRNA (proprietary), Qiagen

shRNA
TPX2

5’ CCGAGCCTATTGGCTTTGATT 3’

Control

pLKO.1 - TRC control (Plasmid 10879), Addgene
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Table 2.2 PCR primers

Sequence
qRT-PCR
Human HMMR cDNA

Forward: 5’ TGTGCTTCAGATCAAGTGG 3’
Reverse: 5’ CGTTGTGTTCTCTATTCCTG 3’

TBP cDNA

Forward: 5`TGCACAGGAGCCAAGAGTGAA 3’
Reverse: 5`CACATCACAGCTCCCCACCA 3’

qPCR
Human HMMR gDNA E2 – I3

Forward: 5’ TTGTGCACCATCTCCAGG 3’
Reverse: 5’ CTGAAGCAGGCAAGGTAGT 3’

Human HMMR gDNA E10 – I10

Forward: 5’ CAGGAATAGAGAACACAACG 3’
Reverse: 5’ GAAATCTTTCCAGGTCAGTGTA 3’

Human HMMR gDNA E13 – I14

Forward: 5’ TATAAAGCGTTAACAGCCAGTG 3’
Reverse: 5’ CTTCTAAGTTCCAAAATCAGCA 3’

Human TBP gDNA

Forward: 5’ TGGCGTGTGAAGATAACCCAAG 3’
Reverse: 5’ GTAGAGATGAGGTTTCACCACG 3’

Mouse HMMR gDNA

Forward: 5’ AACAACTGGATGCCTTTGAAGCCG 3’
Reverse: 5’ AGCCTTGGAAGGGTCAAAGTGTCT 3’

Mouse GAPDH gDNA

Forward: 5’ AGGTCGGTGTGAACGGATTTG 3’
Reverse: 5’ TGTAGACCATGTAGTTGAGGTCA 3’
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Table 2.3 Primary antibodies dilutions
Antibodies

Company

Host

Dilution

Actin

Sigma

Rb

WB: 1:2000

Aurora A

Cell Signaling

Rb

WB: 1:500, IF:75

Aurora B

Abcam

Rb

WB: 1:5000, IF: 1:100

BubR1

Abcam

Mo

WB: 1:100, IF: 1:200

CENPA

Abcam

Mo

IF: 1:100,000

Cyclin B1

Cell Signaling

Mo

WB: 1:500

Eg5

Abcam

Mo

WB: 1:500, IP: 1:100, IF: 1:1000

GAPDH

Fitzgerald

Mo

WB: 1:90,000

GFP

Abcam

Mo

WB: 1:500, IP: 1:50

NDC80

Abcam

Rb

WB: 1:10,000, IF: 1:100

Kif15

Abcam

Mo

WB: 1:200, IF: 1:100, IP: 1:50

Mad2

Milliport

Mo

WB: 1:200, IF:1:100

mCherry

Abcam

Rb

WB: 1:1000, IP:1:100

Phopho-Aurora A

Cell Signaling

Rb

WB: 1:200, IF: 1:1500

PLK1

Cell Signaling

Rb

WB: 1:500

Ran

Cell Signaling

Rb

WB: 1:1000

RHAMM

Abcam

Rb

WB: 1:10,000, IF: 1:250, IP: 1:100

RHAMM

Abcam

Rb

WB: 1:10,000, IF: 1:100, IP: 1:50

TPX2

Novus Biologicals

Mo

WB: 1:1000, IF: 1:750, IP:1:100

TPX2

Novus Biologicals

Rb

WB: 1:1000, IF: 1:1000, IP: 1:100

β-tubulin

Cell Signaling

647 Conjugated

IF: 1:750

TUBG1

Sigma

Mo

IF: 1:7500
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Chapter 3: Spatial regulation of Aurora A activity during mitotic spindle assembly
requires RHAMM to correctly localize TPX2

Aspects of this chapter were published as:
Chen H, Mohan P, Jiang J, Nemirovsky O, He D, Fleisch MC, Niederacher D, Pilarski LM, Lim
CJ, Maxwell CA. Spatial regulation of Aurora A activity during mitotic spindle assembly
requires RHAMM to correctly localize TPX2.
Cell Cycle 2014; 13(14): 2248- 61. Doi: 10.4161/cc.29270. Epub 2014 May 29.
PMID: 24875404

3.1

Rationale and hypothesis

Cell division relies upon the assembly of a microtubule-based mitotic spindle apparatus
that captures, aligns and segregates duplicated chromosomes. The major sites for microtubule
assembly are the centrosomes, which form the spindle poles, but assembly also occurs near
kinetochores (Walczak et al., 2010). Microtubule assembly is spatially regulated by the localized
activation of the mitotic kinase, Aurora A (Barros et al., 2005; Giet et al., 2002; Mori et al.,
2007; Terada et al., 2003). In both human and Xenopus dividing cells, RHAMM is a partner
protein of TPX2, the principal co-activator of Aurora A during mitosis. Thus, a regulatory role
for RHAMM in Aurora A activity during spindle assembly has been postulated (Groen et al.,
2004; Joukov et al., 2006; Pujana et al., 2007), but not yet demonstrated.
RHAMM was identified as a mitotic hit in the MitoCheck RNAi screen, in which
automated live cell analysis identified strange interphase nuclear shape, aberrant mitotic figures
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and kinetics following the treatment of cells with siRNA targeting RHAMM (Neumann et al.,
2010). Loss of function phenotypes that followed the inhibition of RHAMM, Aurora A or TPX2
showed substantial overlap (Fig. 3.1), which suggested shared functions. Since Aurora A activity
is dependent on and limited by TPX2 availability and location (Bayliss et al., 2003; Dodson and
Bayliss, 2012), I hypothesize that RHAMM interacts with and locates TPX2 in mitotic cells,
which promotes the localized activation of Aurora A kinase and spindle assembly at these sites.

Figure 3.1 Manual comparison of RHAMM, TPX2 and Aurora A depletion phenotypes
identified in the MitoCheck screen.
In a dataset published by the MitoCheck consortium (Neumann et al., 2010), manual comparison
of the depletion phenotypes associated with RNAi treatments targeting RHAMM, Aurora A or
TPX2 revealed similar morphological abnormalities, such as strange nuclear shape and
chromosome segregation problems.
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3.2

3.2.1

Results

RHAMM localization throughout mitosis

I first examined RHAMM localization by immunofluorescence throughout mitosis in
HeLa cells (Fig. 3.2). During prophase, RHAMM concentrated at the center of two microtubule
asters and co-localized with microtubules (β-tubulin, TUBB) growing between the two asters.
During prometaphase and metaphase, RHAMM intensified at spindle poles and was present
along the entire metaphase spindle. During anaphase and telophase, RHAMM was also located at
the spindle midzone.

Figure 3.2 RHAMM localization during mitosis.
Fluorescence microscopy images show mitotic localization of RHAMM and the microtubule
marker beta-tubulin (TUBB) in asynchronous HeLa cells. Scale bar= 10 μm.
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3.2.2

RHAMM localized to both centrosome and non-centrosome sites of microtubule

assembly

To study a putative role for RHAMM during spindle assembly,

I used

immunofluorescence to track RHAMM localization in prophase cells and found that it
colocalized with a centrosome marker (γ-tubulin, TUBG1) (Fig. 3.3A). I also noted RHAMM
localized to discrete foci within the chromosome volumes. I then used a kinetochore marker,
BubR1, to show that RHAMM localized to punctate, non-centrosomal sites near the
kinetochores. This localization was more pronounced with the expression of GFP-RHAMM in
the hematopoietic cell line, RPMI-8226 (Fig. 3.3B).
To determine whether RHAMM may be involved in microtubule nucleation at
centrosomes and near kinetochores, I used a regrowth assay to analyze microtubule nucleation at
these foci (Fig. 3.3C). The microtubules were first depolymerized with nocodazole, then the drug
was washed away and microtubule regrowth was analyzed during a recovery phase in drug-free
media. Following one minute of recovery, microtubule regrowth had not occurred. At two
minutes of recovery, microtubules began to assemble at centrosomes, demarked by TUBG1. By
six minutes of recovery, mitotic microtubules were assembled at centrosomes as well as
non-centrosome sites, which co-localized with BubR1. In these microtubule regrowth
experiments, RHAMM localized to both centrosome and non-centrosome sites of microtubule
assembly during mitosis.
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Collectively, these data indicate that RHAMM is located at spindle poles and fibers
throughout mitosis. During early mitosis, RHAMM localizes to microtubule assembly sites at
both centrosomes and near kinetochores.
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Figure 3.3 RHAMM localizes to centrosome and non-centrosomal spindle assembly sites
A) In prophase HeLa cells, RHAMM was located at the centrosomes (identified by TUBG1) as
well as non-centrosomal sites near kinetochores (identified by BubR1) within nuclear volumes
(identified by DAPI). Scale bars= 10 μm.
B) In prophase RPMI 8226 cells, exogenous GFP-RHAMM colocalized with TUBG1 at the
centrosomes and BubR1 at the kinetochores within nuclear volumes. Scale bars= 10 μm.
C) In mitotic HeLa cells treated with nocodazole to depolymerize the mitotic spindle and
released into fresh media to allow microtubule assembly, RHAMM localization at microtubule
assembly sites was tracked at indicated times following release. Microtubule assembly
(identified by TUBB) initiated at two minutes around the centrosomes (indicated by TUBG1).
By six minutes, microtubule assembly sites included centrosomes and non-centrosomal sites near
the kinetochores (indicated by BubR1). RHAMM was located at both centrosomes and noncentrosomal microtubule assembly sites. Images are representative of two experiments. Scale
bars= 10 μm.
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3.2.3

RHAMM is required for normal mitotic spindle architecture

To query whether RHAMM is needed for microtubule assembly or is simply a passenger
microtubule associated protein at these sites, cells were separately treated with three siRNA
duplexes that target the untranslated regions (UTRs) of RHAMM mRNA. In cell populations
treated with siRNA targeting RHAMM (hereafter termed RHAMM-silenced), the endogenous
RHAMM mRNA levels were reduced by 40-70% (Fig. 3.4A), which translated to a 70-80%
reduction in the levels of RHAMM protein as measured by quantitative Western blot analysis
using infrared (IR) detection (Fig. 3.4B). Cells were treated with a pool of all three siRNA
targeting RHAMM for subsequent experiments, and compared to cells treated with a scrambled
siRNA control. I observed a significant increase in both the proportion of cells with mitotic
spindle defects, such as multipolar spindles and disorganized spindles (Fig. 3.4C), and
multinucleated interphase cells in RHAMM-silenced cell populations (Fig. 3.4D). Moreover, in
RHAMM-silenced cell populations, there was a significant increase in the proportion of mitotic
cells, which suggested either the induction of a mitotic arrest and/or the delay of mitotic kinetics
(Fig. 3.4E).
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Figure 3.4 RHAMM is required for normal mitotic spindle architecture
A) HeLa cells were treated with scrambled (Scr) siRNA control or siRNA duplexes targeting
RHAMM. Quantitative PCR indicated the following expression of endogenous RHAMM at 72
hours following transfection: 42% loss following 3’ UTR-A (#1), 57% loss following 3’UTR-B
(#2), 69% loss following 5’ UTR (#3) and 54% loss following pooled siRNA (1-3). Expression
fold differences were normalized to endogenous RHAMM levels observed in control-treated cell
populations. (mean ± s.d., n= 3, ANOVA)
B) HeLa cells were treated with scrambled siRNA or siRNA duplexes targeting RHAMM.
RHAMM expression was measured by quantitative Western blot analysis at 72 hours following
transfection. Protein bands were visualized by Licor imaging using IR fluorophore tagged
secondary antibodies. Equal loading was confirmed by probing for GAPDH.
C) Aberrant spindle figures (multipolar spindle, disorganized spindle and unattached
chromosomes) were significantly more frequent in RHAMM-silenced cells. Asynchronized
HeLa cells were stained for beta-tubulin (TUBB) to visualize the spindle. (mean ± s.d., n= 3,
>100 cells/treatment, *P< 0.05, t-test)
D) Multinucleated cells were significantly more frequent in RHAMM-silenced cells.
Asynchronized HeLa cells were stained with DAPI to visualize nuclei. (mean ± s.d., n= 3, >100
cells/treatment, *P< 0.05, t-test)
E) Mitotic cells were identified by DAPI and TUBB immunofluorescence and the ratio between
the number of mitotic cells and the total number of cells (mitotic index) was determined. The
mitotic index was significantly higher in RHAMM-silenced cells. (mean ± s.d., n= 3, >100
cells/treatment, *P< 0.05, t-test)
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3.2.4

RHAMM is required for normal spindle assembly kinetics

To help distinguish between mitotic arrest and delayed kinetics, non-synchronized HeLa
cells that stably express eGFP-alpha tubulin (TUBA) and mCherry-Histone H2B were followed
by time-lapse microscopy as they transited through mitosis (Fig. 3.5A). I quantified the time
necessary for spindle assembly and completion of mitosis by tracking the progression of mitotic
cells (Fig. 3.5B and C). Spindle assembly duration was defined as the time necessary to transit
from the onset of prophase (chromosome condensation) to the onset of metaphase (chromosome
alignment), and mitosis duration was defined as the time necessary to transit from the onset of
prophase to the end of telophase (disappearance of the midzone spindle). In control cells
pretreated with scrambled siRNA, the average duration for spindle assembly was 26 ± 9 minutes
and these cells completed mitosis in 106 ± 17 minutes (Fig. 3.5B), which are similar kinetics to
those of untreated cells (27 ± 13 minutes and 118 ± 24 minutes, respectively). In RHAMMsilenced cells, however, I observed a significant delay in both the time needed to assemble a
bipolar spindle and the time needed to complete mitosis (51 ± 17 minutes and 185 ± 32 minutes,
respectively); indeed, 43% of RHAMM-silenced mitotic cells were unable to complete mitosis
during the imaging time and these cells were excluded from the quantification of mitosis
completion (Fig. 3.5C).
RHAMM-silenced cells exhibit delayed spindle assembly kinetics and mitosis
completion. Immunofluorescence analysis demonstrated a significant increase in aberrant spindle
morphology and multinucleated cells in RHAMM-silenced relative to control-treated cells.
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Figure 3.5 Proper mitotic kinetics and microtubule assembly kinetics depend on RHAMM
A) Living HeLa cells were pre-treated with either scrambled siRNA or siRNA duplexes targeting
RHAMM and followed through mitosis by time-lapse microscopy. Scale bars= 10 μm.
B) Spindle assembly duration is significantly delayed in RHAMM-silenced cells. Cells that
arrested in prometaphase during imaging were plotted at 0 minutes. (mean ± s.d., 30
cells/treatment, n= 6, *P< 0.05, t-test).
C) Mitosis duration is significantly delayed in RHAMM-silenced cells. Cells that did not
complete mitosis during imaging were plotted at 0 minutes and were not included in the
quantification of mitosis duration. (mean ± s.d., 30 cells/treatment, n= 6, *P< 0.05, t-test).
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3.2.5

GFP-RHAMM rescues aberrant spindle phenotypes in RHAMM-silenced cells

To demonstrate that the aberrant mitotic phenotypes observed in the population of
RHAMM-silenced cells are due to the loss of RHAMM expression, I transiently transfected a
wild-type transgene tagged with GFP at the amino (N)-terminus (GFP-RHAMM) into RHAMMsilenced cells, following the protocol outlined in Fig. 3.6A. This transgene lacks the 5’- and 3’UTR and resists the siRNA targeted to these regions such that GFP-RHAMM was expressed at
levels that approximated endogenous RHAMM levels (top band is GFP-RHAMM in Fig. 3.6B).
GFP-RHAMM decorated the spindle poles and fibers during early mitosis, similar to the
localization of the endogenous protein (Fig. 3.6C). After treatment with siRNA targeting
RHAMM, transient expression of GFP-RHAMM reduced the proportion of cells with mitotic
spindle defects (Fig. 3.6D) and multinucleated cells (Fig. 3.6E).

3.2.6

GFP-RHAMM rescues aberrant mitotic kinetics in RHAMM-silenced cells

Next, I used time-lapse microscopy to analyze the kinetics of division in RHAMMsilenced cells expressing GFP-RHAMM. Time-lapse microscopy was performed during optimal
GFP-RHAMM expression, 24 - 48 hours post transfection, and a Hoechst stain was added to the
media to visualize DNA (Fig. 3.7A). Analysis of time-lapsed videos revealed that transient
expression of GFP-RHAMM was able to reduce both the duration of spindle assembly and the
time needed to complete mitosis (32 ± 17 minutes and 131 ± 29 minutes, respectively) (Fig. 3.7B
and C). Moreover, only 17% of the cells did not complete mitosis after GFP-RHAMM rescue,
compared to the 43% of RHAMM-silenced cells that did not complete mitosis.
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Figure 3.6 Expression of GFP-RHAMM rescues aberrant spindle phenotypes in RHAMMsilenced cells
A) Experimental protocol for silencing endogenous RHAMM and expressing GFP-RHAMM.
B) GFP-RHAMM was transfected into HeLa cells that were initially treated with scrambled
siRNA or siRNA duplexes targeting RHAMM for 48 hours. GFP-RHAMM then was transfected
into these cells. After a further 48 hours, the expression of RHAMM, and GFP-RHAMM (shifted
by 27 kDa), were measured by Western blot analysis. Equal loading was confirmed by probing
for GAPDH.
C) GFP-RHAMM localized along the spindle fibers and at the spindle poles in RHAMMsilenced cells. Scale bars= 10 μm.
D) Proportion of aberrant spindle figures were significantly reduced with expression of
GFP-RHAMM in RHAMM-silenced cells. (mean ± s.d., >100 cells/treatment, n= 3, *P< 0.05, ttest)
E) Multinucleated cells were significantly reduced with expression of exogenous GFP-RHAMM
in RHAMM-silenced cells. (mean ± s.d., >100 cells/treatment, n= 3, *P< 0.05, t-test)
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Figure 3.7 Expression of GFP-RHAMM rescues aberrant mitotic kinetics in RHAMMsilenced cells
A) HeLa cells were treated with siRNA duplexes targeting RHAMM and rescued with
exogenous GFP-RHAMM. Cells were labelled with Hoechst to visualize DNA and followed
through mitosis by time-lapse microscopy. Scale bars= 10 μm.
B) Transient expression of exogenous GFP-RHAMM significantly reduced the time needed for
spindle assembly in RHAMM-silenced cells (as quantified in Fig. 3.5). Cells that arrested in
prometaphase during imaging were plotted at 0 minutes. No significant differences were
observed between control cells and GFP-RHAMM rescued cells. (mean ± s.d., 30
cells/treatment, n= 6, *P< 0.05, t-test)
C) Transient expression of exogenous GFP-RHAMM significantly reduced the time to transit
through mitosis in RHAMM-silenced cells (as quantified in Fig. 3.5). Cells that did not complete
mitosis during imaging were plotted at 0 minutes and were not included in the quantification of
mitosis duration. No significant differences were observed between control cells and GFPRHAMM rescue cells. (mean ± s.d., 30 cells/treatment, n= 6, *P< 0.05, t-test)
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3.2.7

RHAMM depletion attenuates non-centrosomal microtubule assembly

To determine the role of RHAMM during the assembly of a bipolar mitotic spindle, I
measured the kinetics of microtubule regrowth after nocodazole depolymerization in living
mitotic cells. HeLa cells expressing eGFP-TUBA were first treated either with a scrambled
siRNA or siRNA targeting RHAMM, and then subjected to nocodazole-mediated microtubule
depolymerization. In comparison to scrambled siRNA- treated control cells, microtubule
nucleation and the formation of a bipolar spindle was delayed in RHAMM-silenced cells (Fig.
3.8A). Specifically, in control-treated cells, multiple nucleation sites were present at 4 minutes of
recovery, whereas RHAMM-silenced cells only contained two nucleation sites (Fig. 3.8B),
suggesting that RHAMM may seed or establish microtubule assembly at non-centrosome sites.
To investigate this, I quantified the number of microtubule regrowth foci in fixed cells at six
minutes following recovery, when both centrosome and non-centrosome assembly sites should
be present, as observed previously in Fig. 3.3C. I observed a significant reduction in the number
of microtubule foci assembled at non-centrosome sites in RHAMM-silenced cells and the
expression of GFP-RHAMM was sufficient to recover the number of these sites (Fig. 3.8B).
Further analysis of both live and fixed cells showed non-centrosomal spindle assembly was not
eliminated with RHAMM depletion, but rather was significantly attenuated and delayed to later
time points in the microtubule regrowth assay.
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Figure 3.8 RHAMM depletion attenuates microtubule assembly at non-centrosome sites
A) In living RHAMM-silenced HeLa cells expressing eGFP-TUBA, microtubule assembly and
the formation of a bipolar spindle following nocodazole treatment were disrupted in comparison
to control-treated cells. Scale bars= 10 μm.
B) In mitotic RHAMM-silenced cells that had recovered for six minutes following nocodazole
treatment, microtubule assembly at non-centrosome sites was attenuated and the expression of
GFP-RHAMM was sufficient to re-establish microtubule assembly at these sites. TUBG1 marks
the centrosomes. Scale bars= 10 μm. (mean ± s.d., n= 4, > 40cells/ treatment *P< 0.05, t-test).
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3.2.8

RHAMM localizes TPX2 at microtubule assembly sites and is needed for TPX2

stability

In Xenopus egg extracts, the XRHAMM -TPX2 complex may stabilize microtubules and
focus spindle poles; specifically, immunodepletion of XRHAMM prevented TPX2 concentration
at spindle poles (Groen et al., 2004). However, these experiments did not distinguish microtubule
nucleation from microtubule stabilization (Groen et al., 2004). To distinguish these two events, I
used a mitotic microtubule regrowth assay to examine the localization of TPX2 to sites of
microtubule assembly in control-treated and RHAMM-silenced mitotic cells. I noted
significantly fewer TPX2-positive microtubule regrowth sites in RHAMM-silenced cells, which
were restored by subsequent rescue with GFP-RHAMM expression (Fig. 3.9A). Next, I localized
TPX2 by immunofluorescence in non-synchronized mitotic HeLa cells and found that TPX2 was
lost from spindle poles (i.e., regions of interest identified by TUBG1) in RHAMM-silenced
mitotic cells (Fig. 3.9B). These findings suggest TPX2 localization at microtubule assembly sites
is dependent on the presence of RHAMM.
In both of the described assays, the abundance of TPX2 appeared reduced in
RHAMM-silenced cells. To test the possibility that the specific loss of RHAMM reduced the
stability of TPX2, I determined the abundance of these proteins in lysates from G2/M
synchronized cell populations. Synchronized populations of RHAMM-silenced cells showed
reduced abundance of RHAMM and TPX2, but not the GTP binding protein Ran, which is also
involved in spindle assembly at non-centrosome sites (Fig. 3.9C). Pre-treatment of cells with the
proteasome inhibitor MG132 recovered TPX2 levels in RHAMM-silenced cells (Fig. 3.9C),
which implies that the loss of RHAMM augments proteasome-dependent turnover of TPX2.
81

Given that Aurora A stability is regulated by TPX2 binding (Giubettini et al., 2011), I
next measured the levels of Aurora A and active, autophosphorylated Aurora A (pAurora A) in
these lysates (Fig. 3.9D). Like TPX2, the abundance of Aurora A and the levels of pAurora A
were reduced in RHAMM-silenced G2/M synchronized cell lysates. Addition of a proteasome
inhibitor to RHAMM-silenced cells (fourth lane, Fig. 3.9D) resulted in a total level of Aurora A
greater than that seen in control-treated cells (first lane, Fig 3.9D). However, the pAurora A
levels were attenuated in RHAMM-silenced, proteasome inhibited cells (fourth lane, Fig. 3.9D)
relative to control-treated cells (first lane, Fig 3.9D) despite elevated levels of total Aurora A and
total TPX2 (fourth lane, Fig. 3.9C). The reduced levels of pAurora A observed in lysates
collected from MG132-treated, RHAMM-silenced cells, suggest that activation of Aurora A may
be sub-optimal, in spite of appropriate levels of total Aurora A and TPX2, due to mislocalization
of TPX2 in the absence of RHAMM.
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Figure 3.9 RHAMM is required for TPX2 stability and localization at microtubule
assembly sites
A) In mitotic RHAMM-silenced cells that had recovered for six minutes following nocodazole
treatment, TPX2 did not locate to non-centrosome sites of microtubule assembly. GFP-RHAMM
expression re-established microtubule assembly and TPX2 at these sites. Scale bars= 10 μm.
B) Spindle pole (identified by TUBG1) - localized TPX2 was significantly reduced in RHAMMsilenced cells. Scale bars= 10 μm. (mean ± s.d., 75 cells/treatment, n= 3, *P< 0.05, t-test).
C) HeLa cells were treated with indicated siRNA and synchronized in early mitosis. RHAMM
and TPX2 abundance were reduced in lysates obtained from RHAMM-silenced populations.
Treatment of cells with a proteasome inhibitor (MG132, 15 µM for 2 hours) recovered TPX2
abundance in RHAMM-silenced cell lysates. Ran served as a related protein that was unaffected
in lysates obtained from RHAMM-silenced cells. Protein bands were visualized by Licor
imaging using IR fluorophore tagged secondary antibodies. Protein levels were normalized to βactin. (mean ± SEM., n= 2, *P< 0.05, ANOVA).
D) HeLa cells were treated with indicated siRNA and synchronized in early mitosis. Aurora A
and pAurora A were reduced in lysates obtained from RHAMM-silenced populations. Treatment
of cells with a proteasome inhibitor (MG132, 15 µM for 2 hours) recovered the level of Aurora
A, but not pAurora A, in RHAMM-silenced cell lysates. Protein bands were visualized using IR
fluorophore tagged secondary antibodies. Protein levels were normalized to β-actin. (mean ±
SEM., n= 2, *P< 0.05, ANOVA).

84

3.2.9

RHAMM temporally and spatially regulates Aurora A activity

The results described in section 3.2.8 suggest a regulatory relationship between RHAMM
and Aurora A activity during mitotic spindle assembly. To test this, I employed both fixed and
live cell experiments that examined Aurora A activity in RHAMM-silenced cells. In
asynchronous mitotic cells, I used immunofluorescence to measure the levels of pAurora A at
mitotic spindle poles marked by TUBG1 (Fig. 3.10A); as a positive control to reduce kinase
activity, mitotic cells were pretreated with an Aurora A-specific small-molecule inhibitor,
MLN8237, or the delivery vehicle, DMSO. In RHAMM-silenced cells, or cells pre-treated with
MLN8237, I observed significantly reduced levels of pAurora A at spindle poles. To analyze
Aurora A activity at non-centrosome sites of assembly, I used mitotic microtubule regrowth
experiments and immunofluorescence to measure pAurora A abundance at these sites after six
minutes for recovery as described previously (Fig. 3.8). In scrambled siRNA-treated cells, or
vehicle control-treated cells, non-centrosome sites for assembly were strongly positive for
pAurora A (Figs. 3.10B). In RHAMM-silenced cells, or cells pre-treated with MLN8237, the
intensity of pAurora A was reduced at these sites.
A complicating issue for the measurements of assembly at non-centrosome sites in
RHAMM-silenced cells was the fact that these sites were significantly reduced when measured
six minutes after release from nocodazole. To overcome this deficiency, and to add kinetic
information to my analysis, I utilized a FRET-based probe for Polo-like kinase 1 (PLK1) activity
that is specifically targeted to kinetochores (Liu et al., 2012) to indirectly measure Aurora A
activity at these sites (see section 2.7). PLK1 is a substrate for Aurora A and depletion of Aurora
A by siRNA is sufficient to attenuate PLK1 activity (Bruinsma et al., 2013; De Luca et al., 2006;
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Macurek et al., 2008). PLK1 activity is high in prometaphase cells and decreases by metaphase
alignment; I used the iteration of the probe (Liu et al., 2012) that increases the FRET ratio
(reflecting a decreasing level of phosphorylated substrate) as the cell progresses towards
metaphase (Fig. 3.10C). I modified the protocol outlined in Fig. 3.6A and transfected cells with
the FRET probe rather than with the GFP-RHAMM construct. During optimal expression of
FRET probe, cells were treated with nocodazole for 6 hours to depolymerize mitotic
microtubules. Small molecule inhibitors, or DMSO vehicle control, were added for the final 2
hours of nocodazole treatment. Drugs and/or nocodazole were removed, cells were provided
fresh media (with or without drug) and mitotic cells expressing the FRET probe were imaged as
they recovered from nocodazole treatment (Fig. 3.10C). The FRET emission ratio was
significantly higher (indicative of lower kinase activity) in prometaphase cells pre-treated with a
PLK1-specific inhibitor, BI2531, or an Aurora A-specific inhibitor, MLN8237 (Fig. 3.10D).
Similarly, the FRET emission ratio was augmented in RHAMM-silenced prometaphase cells.
The level of PLK1 activity is low in metaphase cells ant the pretreatment with either a PLK1
inhibitor or an Aurora A-specific inhibitor, or silencing RHAMM did not further reduce kinase
activity, as would be indicated by an augmented emission ratio (Fig. 3.10D).
Collectively, the findings presented in Figures 3.9 and 3.10 suggest that RHAMM is
needed to target TPX2 to non-centrosome sites, prevent proteasome-dependent turnover of
TPX2, and promote microtubule assembly. In the absence of RHAMM, even when the
abundance of TPX2 and Aurora A was restored through proteasome inhibition, the level of
active pAurora A is sub-optimal at non-centrosome sites and kinetochores presumably due to the
mislocalization of TPX2.
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Figure 3.10 RHAMM is required for the temporally- and spatially- regulated activity of
Aurora A
A) In asynchronous mitotic HeLa cells, pAurora A at spindle poles (regions of interest identified
by TUBG1) was significantly reduced in cells pretreated with MLN8237 (Aurora A specific
inhibitor, 1 µM for 2 hour) or in RHAMM-silenced cells. Scale bars= 10 μm. (mean ± s.d., >50
cells/treatment, n= 3, *P< 0.05, t-test)
B) In mitotic HeLa cells treated with nocodazole to depolymerize microtubules and released to
allow microtubule assembly, pAurora A localization to non-centrosome assembly sites was
abolished in RHAMM-silenced cells or cells pre-treated with MLN8237 (1 µM for 2 hour). Scale
bars= 10 μm.
C) HeLa cells expressing a Hec-1(kinetochore) targeted PLK1 FRET sensor were imaged during
recovery from nocodazole treatment. Phosphorylation of the kinetochore-targeted sensor was
highest in early prometaphase (0-18 minutes) and diminished to background levels by metaphase
(18-20 minutes) as indicated by the increasing YFP:TFP emission ratio. Scale bars= 10 μm.
(mean ± SEM., n= 3, 6 cells/treatment)
D) Relative to measurements in cells incubated with DMSO vehicle control, FRET ratios for the
Hec-1 targeted PLK1 substrate were significantly higher in cells incubated with either a PLK1specific inhibitor (BI2536, 20 nM for 2 hour) or an Aurora A- specific inhibitor (MLN8237, 1
µM for 2 hour) during prometaphase (2 minutes after nocodazole washout). Pretreatment of cells
with siRNA targeting RHAMM, but not with scrambled siRNA, also significantly augmented the
FRET emission ratio in prometaphase cells. No significant change in the FRET ratio was
observed in metaphase cells 20 minutes after nocodazole washout (mean ± SEM., n= 3, 6
cells/treatment, *P< 0.05, ANOVA).
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3.2.10 The C-terminal bZip motif of RHAMM binds near the nuclear localization signal
of TPX2

To better define the RHAMM-TPX2 protein complex and map the domains necessary for
this interaction, truncation mutants were constructed for the C-terminus of RHAMM (Fig.
3.11A). GFP-RHAMM mutants were transiently expressed in cells depleted of endogenous
RHAMM and the ability of these variants to co-precipitate TPX2 was tested through
immunoprecipitation with antibodies to GFP, or IgG control antibodies. TPX2 was efficiently
co-precipitated by RHAMM mutants that contained a minimal necessary binding domain of
amino acids 623-679 (i.e. Full-length, 1-679, and 623-724), which contains the bZip motif (Fig.
3.11B). TPX2 was not found in immunoprecipitates of GFP-RHAMM mutants lacking the bZip
motif [i.e. 1-623 and the ΔbZip, in which three leucines were mutated to arginines, L629R,
L644R and L662R (refer to Fig. 1.4 for amino acid sequence in the bZip motif)].
Reciprocal studies were performed with transient expression of truncation variants for
human TPX2. Since there are essential protein-binding domains in both the N- and C-termini of
TPX2, I designed various truncation mutants from the wild-type transgene tagged with either
mCherry at the N- terminus (mCherry-TPX2) or GFP at the C-terminus (TPX2-GFP) to map the
domains necessary for the RHAMM interaction. mCherry-TPX2 and TPX2-GFP truncation
mutants were transiently expressed in HeLa cells (Fig. 3.11C), and immunoprecipitated with
antibodies to GFP, mCherry, or IgG control antibodies. mCherry-TPX2 (FL) co-precipitated
RHAMM and Aurora A, which was included as a positive control (Fig. 3.11D). The Kif15/hKlp2
targeting domain [aa 319-783(Brunet et al., 2004)] was not sufficient to co-precipitate RHAMM
(Fig. 3.11D). The N-terminus of TPX2 (aa 1-319), however, was sufficient, and the deletion of
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the Aurora A binding domain (aa 1-40 (Bayliss et al., 2003; Brunet et al., 2004)) did not alter
RHAMM-TPX2 binding. Together, these data localize the RHAMM-binding domain in TPX2 to
amino acids 40- 319, which also contains an importin-α binding motif (Giesecke and Stewart,
2010).
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Figure 3.11 Characterization of the functional domains involved in RHAMM-TPX2
interaction
A) Schematic diagram of domains in RHAMM. The three grey lines in the bZip construct
represent the leucines that were mutated to arginines. Western blot analysis confirmed the
expression of GFP-RHAMM constructs. β-actin levels confirmed equal loading. UT: untreated.
B) Immunoprecipitation of GFP-RHAMM constructs from cell lysates with either an IgG control
antibody (lanes marked 1) or antibodies against eGFP (lanes marked 2). Co-precipitation of
TPX2 identified the bZip motif as a necessary domain for the RHAMM-TPX2 interaction.
C) Schematic diagram of domains in TPX2. Western blot analysis confirmed the expression of
endogenous TPX2 (100 kDa) and mCherry-TPX2 or TPX2-GFP truncation variants. The
mCherry-TPX2 variants are probed with a TPX2 antibody that recognized the N-terminus of the
protein, while the TPX2-GFP variants are probed with a TPX2 antibody that recognized the Cterminus of the protein. β-actin levels confirmed equal loading.
D) Immunoprecipitation of mCherry-TPX2, or TPX2-GFP, constructs from cell lysates with IgG
control antibody (lanes marked 1), antibodies against eGFP (lanes marked 2) or mCherry (lane
marked 3). Co-precipitation of RHAMM identified amino acids 40-319 as necessary for the
TPX2-RHAMM interaction.
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3.2.11 The C-terminal bZip of RHAMM is required to correctly locate TPX2 to sites of
microtubule assembly and control spindle length

To map the minimal necessary domain in RHAMM required for TPX2 targeting and
retention at spindle poles, I analyzed TPX2 localization at spindle poles in RHAMM-silenced
cells transiently transfected with one of various GFP-RHAMM truncation variants. Loss of
TPX2 attenuates kinetochore-mediated microtubule assembly and results in compression of the
mitotic spindle and reduced spindle length (Bird and Hyman, 2008; Greenan et al., 2010).
Therefore, I also analyzed mitotic spindle length. I observed, consistent with the published
literature (Dunsch et al., 2012), that mitotic spindle orientation was disturbed in
RHAMM-silenced cells. As mitotic spindles that are a normal length but are also rotated along
the Z-axis may appear compressed when viewed along the Z-axis, I confirmed that both spindle
poles (marked by TUBG1) were visible in one focal plane prior to measuring the pole-to-pole
distance. In RHAMM-silenced cells expressing GFP-RHAMM (full-length) or GFP-RHAMM
(1-679) mutants, TPX2 localized to spindle poles and decorated phenotypically normal mitotic
spindles (Fig. 3.12A) of typical lengths (Fig. 3.12B). However, expression of GFP-RHAMM (1623), which lacks the bZip motif, or GFP-RHAMM (623-724) was not sufficient to correctly
localize TPX2 (Fig. 3.12A) and, consistently, mitotic spindle lengths were significantly
compressed (Fig. 3.12B). Thus, the bZip motif in RHAMM is required, but is not sufficient, for
the correct targeting and retention of TPX2 at spindle poles. Additional motifs in RHAMM,
likely the microtubule binding domain in the N-terminus, are needed for the correct targeting and
retention of TPX2 at spindle poles.
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To define the necessary domains in TPX2 that may target RHAMM, reciprocal targeting
experiments were performed in HeLa cells treated with shRNA targeting TPX2 (stable TPX2silenced cell line generated as described in section 2.1.5) (Fig. 3.12C). RHAMM remains
localized to spindle poles in TPX2-silenced mitotic cells (Fig. 3.12C). Spindles appeared
compressed in TPX2-silenced cells, in a fashion similar to RHAMM-silenced mitotic cells.
These compressed phenotypes were rescued only by the expression of full-length mCherryTPX2 and not by truncation variants (Fig. 3.12D and E). Thus, TPX2 is not required for the
correct targeting and retention of RHAMM at spindle poles.
Collectively, findings presented in Figures 3.11 and 3.12 suggest the C-terminal bZip
motif in RHAMM binds a region in TPX2 that contains a nuclear localization signal and an
importin-α binding motif. The bZip motif in RHAMM is required, but not sufficient, for the
targeting and retention of TPX2 to spindle pole, while RHAMM localization at spindle poles
does not depend on TPX2. A proper interaction between RHAMM and TPX2 is required to
establish a metaphase spindle with the correct length.
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Figure 3.12 Mitotic spindle length requires that RHAMM targets TPX2 to the spindle poles
A) RHAMM-silenced cells were transfected with the indicated GFP-RHAMM constructs and
asynchronous metaphase cells were analyzed by immunofluorescence. Amino acids 623-679 of
RHAMM were the minimal required domain for TPX2 localization to spindle poles (identified
by TUBG1). (Representative of 3 experiments, 30 cells/treatment) Scale bars= 10 μm.
B) RHAMM-silenced cells were transfected with the indicated GFP-RHAMM and spindle length
was measured in mitotic cells with both spindle poles (based on TUBG1 staining) within one
confocal slice. Measurements were made in a 3D projection along a plane perpendicular to the
chromosomes. The bZip motif (623-679) was necessary, though not sufficient, to establish
proper mitotic spindle length (mean ± SEM, n= 3, 30 cells/treatment, *P< 0.05, ANOVA).
C) TPX2 was efficiently silenced in cells treated with shRNA targeting TPX2, compared to
scrambled shRNA (Scr) or untreated cells. β-actin levels confirmed equal loading. RHAMM
remained localized at the spindle poles in TPX2-silenced cells. (Representative of 4 experiments,
40 cells/treatment) Scale bars= 10 μm.
D) TPX2-silenced cells were transfected with the indicated mCherry-TPX2 or TPX2-GFP
constructs and asynchronous metaphase cells were analyzed by immunofluorescence.
(Representative of 2 experiments, 20 cells/treatment) Scale bars= 10 μm.
E) Spindle length was measured in mitotic cells with both spindle poles (based on TUBG1
staining) within one confocal slice. Cells were pre-treated with either scrambled shRNA or
shRNA targeting TPX2, and followed by rescue with the indicated mCherry-TPX2 or TPX2GFP constructs. Measurements were made in a 3D projection along a plane perpendicular to the
chromosomes. (mean ± SEM, n=1, >15 cells/ treatment, *P< 0.05, ANOVA)
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3.2.12 Germline loss of RHAMM expression in MEF cells results in aberrant spindle
figures and mitosis kinetics

The preceding studies of the RHAMM-TPX2-Aurora A pathway were performed in HeLa
cells. HeLa cells are widely used for the study of cell division as they double every 20 hours,
they tolerate various experimental manipulations such as DNA/siRNA transfections, and a
variety of HeLa sub-lines with stable expression of fluorescently-tagged marker proteins are
available for live cell imaging. However, despite these advantages, HeLa are cancer cells that
display extensive genomic rearrangements, including hypertriploid chromosomes (Landry et al.,
2013; Macville et al., 1999). Thus, to validate our findings, I examined MEF (mouse embryonic
fibroblast) cells obtained from matings of HMMR+/- mice (C57/BL6N) generated in the Maxwell
lab. MEFs were isolated at E13.5, genotyped, and HMMR-/- (KO, knock-out), HMMR+/- (Het,
heterozygous), and HMMR+/+ (WT, wildtype) MEF cells were analyzed. Genomic DNA was
isolated and qPCR analysis revealed a dose dependent reduction in the wild-type
HMMR/RHAMM allele (Fig. 3.13A). Western blot analysis of cell lysates using an antibody that
recognizes mouse RHAMM showed a protein expression pattern that reflected the genomic
qPCR results (Fig. 3.13B). Next, I used the same antibody to perform immunofluorescence
experiments, and quantified the proportion of cells displaying aberrant metaphase and anaphase
phenotypes within each MEF population (Fig. 3.13C). In both the Het and KO MEF cells, I
noted a significant reduction in normal mitotic spindle figures. Specifically, more cells displayed
multipolar spindle and disorganized bipolar spindle phenotypes. I observed a dose response
correlating HMMR expression and the percentage of cells with abnormal mitotic figures, where
abnormal mitotic figures increased with decreasing HMMR expression. Using time-lapse
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microscopy, I analyzed the kinetics of cell division in the different genotypes (Fig. 3.13D).
Similar to my observations in RHAMM-silenced HeLa cells, the duration of spindle assembly
and mitosis was significantly longer in KO MEF cells. I also noted an increase in time needed to
complete the checkpoint (transition from pro-/metaphase to anaphase) in KO MEF cells, which
suggested a potential role for RHAMM during the spindle checkpoint response. For the Het
MEF cells, I noted small increases in the duration of different mitotic events compared to the
WT MEF cells, although these changes were not statistically significant.
In conclusion, MEF cells with germline loss of the HMMR gene product served as an
additional model to study the loss of RHAMM function during cell division. Analysis of fixed
cells showed a dose response correlating HMMR expression and the percentage of cells with
abnormal mitotic figures. Analysis of cell division kinetics revealed a delay during spindle
assembly and in the completion of the spindle checkpoint in KO compared to WT MEF cells.
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Figure 3.13 Germline deletion of HMMR/RHAMM results in abnormal mitotic figures and
kinetics
A) Genomic DNA was extracted from mouse embryonic fibroblasts (MEFs) and the germline
loss of HMMR was confirmed by qPCR. Expression fold differences were normalized to
expression in the WT cells. (mean ± s.d., n= 3)
B) RHAMM expression was measured by Western blot analysis in nocodazole synchronized
MEF cells. Equal loading was confirmed by probing for β-actin.
C) Quantification of aberrant metaphase and anaphase spindle figures in MEFs. (mean ± s.d., n=
3, >30 cells/treatment, **P< 0.05 compared to WT, ANOVA)
D) The kinetics of mitosis in different MEF genotypes. Cells that arrested at a particular stage of
mitosis were plotted at 0 minutes and were not included in the quantification of mitosis duration.
(mean ± s.d., >20 cells/treatment, n= 4, *P< 0.05, t-test).
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3.3

1.

Key findings

RHAMM is located at sites of microtubule assembly (centrosomes and near kinetochores)
during early mitosis.

2.

Silencing RHAMM mislocalizes TPX2 and attenuates the activation of Aurora A with a
consequent reduction in mitotic spindle length and an increase in the time needed to
complete the process of spindle assembly.

3.

The RHAMM-TPX2 complex requires a C-terminal bZip motif in RHAMM and a
domain that includes the nuclear localization signal in TPX2.

4.

RHAMM-/- MEF cells display aberrant mitotic spindle figures and delayed cell division
kinetics compared to their wildtype counterparts.

3.4

Discussion

Construction of the mitotic spindle is a multi-step process that relies on microtubule
assembly at various sites within the cell. RHAMM is a key cell division gene product (Neumann
et al., 2010) that maintains spindle pole stability (Maxwell et al., 2005, 2003). Consistently,
studies with Xenopus egg extracts showed that Xenopus RHAMM was critical for anastral (i.e.,
no centrosomes) spindle assembly through the Ran-GTP pathway (Groen et al., 2004; Joukov et
al., 2006; Sharp et al., 2011). In addition, these studies mechanistically bridged the actions of the
tumor-suppressor BRCA1-BARD1 complex, which targets RHAMM for degradation (Joukov et
al., 2006; Pujana et al., 2007), to the oncogenic Aurora A-TPX2 complex during spindle
assembly. However, both depletion of XRHAMM as well as the accumulation of XRHAMM,
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through the loss of BRCA1, disrupted TPX2 localization to spindle poles and resulted in aberrant
spindle morphology (Groen et al., 2004; Joukov et al., 2006). Thus, it was not clear whether
RHAMM promotes or prevents the correct localization of TPX2 to spindle poles. Moreover,
prior experiments did not distinguish spindle microtubule nucleation and spindle microtubule
organization, which together are usually termed as mitotic spindle assembly. Thus, the putative
contribution of RHAMM to TPX2 localization and biochemical signaling through Aurora A, and
the contradictory effects of XRHAMM on TPX2 location, were unresolved.
Here, I located RHAMM to sites of microtubule assembly at centrosomes and near
kinetochores in asynchronous cells and during microtubule regrowth assays. RHAMM
localization to kinetochores was restricted to mitotic stages prior to chromosome alignment, and
was more pronounced when GFP-RHAMM was transiently expressed in asynchronous cells.
This transient localization of RHAMM to kinetochores during prometaphase may explain why
Dunsch and colleagues found that RHAMM (termed HMMR) was not robustly immunelocalized at cold-stable kinetochore fibers in metaphase cells (Dunsch et al., 2012). In RHAMMsilenced cells, I found that TPX2 failed to locate to non-centrosome assembly sites near
kinetochores, and local Aurora A activity was severely reduced. These findings are consistent
with the initial study of anastral spindle assembly in Xenopus cells, which showed that
XRHAMM is needed to ensure correct TPX2 localization (Groen et al., 2004). Moreover, I
showed that proteasome-mediated proteolysis of TPX2 and Aurora A was augmented in
RHAMM-silenced cells. As the TPX2-Aurora A complex prevents the proteasome-mediated
proteolysis of Aurora A (Giubettini et al., 2011; Stewart and Fang, 2005), my findings suggest
that RHAMM mediated localization of TPX2 promotes a TPX2-Aurora A interaction and
protects each component of the holoenzyme from proteolysis. Indeed, chemical inhibition of the
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proteasome restores Aurora A and TPX2 abundance during early mitosis in RHAMM-silenced
cells. However, RHAMM must be important for more than the stability of TPX2 and Aurora A
as kinase activity remains sub-optimal in RHAMM-silenced cells even when the abundance of
these proteins are augmented through proteasome inhibition. Indeed, I find that the location of
TPX2 is disrupted in the absence of RHAMM implying that optimal Aurora kinase A activity
requires both the correct abundance and location of its co-activator, TPX2. RHAMM is a
necessary regulator for these interdependent processes.
Scrofani et al (2015) used acentrosomal Xenopus egg extracts to study XRHAMM during
spindle assembly and validated my finding that RHAMM was a necessary enabler of
TPX2-mediated Aurora A activation (Scrofani et al., 2015). Similar to my studies, Scrofani et al
demonstrated that the TPX2-RHAMM complex performs both biochemical and structural roles
(Scrofani et al., 2015). We both find that the TPX2-RHAMM complex activates Aurora A, but
Scrofani et al (2015) also showed this complex acts as a scaffold to recruit various microtubule
nucleation complexes, including the γ-tubulin ring complex and its adapter protein, NEDD1
(Neural precursor cell expressed developmentally down-regulated protein 1) (Scrofani et al.,
2015). Within this multi-protein complex, Aurora A then phosphorylates NEDD1 although the
precise role of this modification remains uninvestigated (Scrofani et al., 2015). Along with my
studies, these findings indicate the RHAMM-TPX2-Aurora A mediated microtubule nucleation
pathway is conserved between human and Xenopus mitotic cells and plays an important role in
the nucleation of K-fibers near chromosomes.
Maxwell et al (2003) suggested the highly conserved bZip motif within the C-terminus of
RHAMM may be involved in the formation of a trimeric protein complex that contained
RHAMM, TPX2 and dynein, and that this complex was vital for spindle pole stability (Maxwell
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et al., 2003). Sequence alignment shows Xenopus, mouse and human RHAMM are all highly
homologous at their C-termini (Groen et al., 2004). Subsequently, Joukov et al speculated that a
C-terminal fragment of XRHAMM (aa 1038-1075, containing the bZip motif) may be involved
in the formation of XRHAMM homodimers or heterodimers with other SAFs and that these
interactions are important for XRHAMM mitotic functions that are regulated by BRCA1/
BARD1 (Joukov et al., 2006). Indeed, my findings show the bZip motif in RHAMM as a
contributor to spindle assembly, specifically this motif is required for the localization of TPX2 to
the spindle poles, and associated downstream functions. To date, it remains unclear if the bZip
motif is necessary for an interaction with dynein. Furthermore, I demonstrate the minimal
necessary binding domain for RHAMM (aa 40-319 in TPX2) overlaps with a primary nuclear
localization signal and contains the motif recognized by importin-α for nuclear import (Giesecke
and Stewart, 2010). The proximity of these binding domains in TPX2 suggests that RHAMM
may compete with importin-α for complexes with TPX2. If so, RHAMM may provide additional
regulation of TPX2 by liberating TPX2 from the importin complex as required for spindle
assembly through the Ran-GTP pathway. Previous findings show importin-α prevents TPX2induced microtubule formation in Xenopus egg extracts, while a TPX2 mutant that cannot bind
importin-α is constitutively active in the induction of microtubule aster formation, both
conditions were shown to be detrimental for spindle assembly (Schatz et al., 2003). Thus,
competitive binding to TPX2 between RHAMM and importin-α may ensure an appropriate level
of TPX2-induced microtubule formation occurs during mitosis, since both the depletion of TPX2
and excess TPX2 result in abnormal spindle morphology and mitotic failure (Gruss et al., 2002,
2001; Wittmann et al., 2001).
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The pathway of K-fiber production during anastral spindle assembly is not well defined
in mammalian cells. This is due in part to the fact that multiple spindle assembly mechanisms
exist in parallel within a single dividing cell. While these compensatory pathways ensure a
functional spindle is made under most circumstances, this redundancy makes investigation of a
single pathway challenging. My work, along with those presented by Scrofani et al (2015),
provides a cohesive mechanism by which RHAMM promotes anastral spindle microtubule
nucleation by regulating the Aurora A-TPX2 complex in both human and Xenopus dividing cells.
I demonstrate that the regulation of TPX2 by RHAMM is twofold: 1) RHAMM targets TPX2 to
spindle assembly sites; and, 2) RHAMM maintains TPX2 stability, which is reduced through
proteasome-dependent degradation. Both actions are necessary to ensure proper activation of
Aurora kinase A.
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Chapter 4: RHAMM balances motor forces needed to satisfy the spindle assembly
checkpoint

4.1

Rationale and hypothesis

Time-lapsed image analysis of RHAMM-/- MEF cells (Fig. 3.2.12) revealed a delay in
time needed to transition from metaphase to anaphase suggesting that RHAMM may promote
this transition. Completion of the spindle checkpoint requires that all chromosomes reach bipolar
attachment, and this is achieved when antagonistic motors establish force balance along the
spindle microtubules (Ferenz et al., 2009; Sharp et al., 2000, 1999, Tanenbaum et al., 2009,
2008; van Heesbeen et al., 2014). Outward forces generated by plus-end directed motors, Eg5
and Kif15, are opposed by inward forces generated by dynein. Motor activities are regulated, in
part, by non-motor adapter proteins, such as TPX2 and RHAMM (Balchand et al., 2015;
Drechsler et al., 2014; Dunsch et al., 2012; Ma et al., 2011; Maxwell et al., 2003). Dunsch and
colleagues identified RHAMM as a partner protein of dynein light chain 1 (DYNLL1) by
immunoprecipitation and mass spectrometry analysis, and demonstrated that RHAMM, along
with a protein termed CHICA, served as an adapter complex for DYNLL1 to correctly orient
spindles during mitosis (Dunsch et al., 2012). In addition, TPX2 directly influences kinesin
motor activity (Balchand et al., 2015; Ma et al., 2011). Thus, I hypothesize that RHAMM may
help to balance motor forces directly, or indirectly through TPX2, and that these balanced forces
along the spindle control chromosome behavior and mitotic progression.
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4.2

4.2.1

Results

RHAMM-silenced cells exhibit sustained checkpoint activation

To investigate whether RHAMM function is required for progression into anaphase, I
first treated mCherry-histone H2B HeLa cells with siRNA targeting RHAMM, and then
performed time-lapse microscopy to follow mitotic progression in the RHAMM-silenced cells.
Quantification of time-lapse images revealed that the transition from chromosome alignment
(metaphase) to chromosome segregation (anaphase) was 27 ± 10 minutes in scrambled siRNA
(control)-treated cells, with no observable segregation errors (Fig. 4.1A and B). The average
duration for this transition was prolonged to 57 ± 26 minutes in RHAMM-silenced cells.
Approximately 55% of RHAMM siRNA-treated cells spent >30 minutes prior to transition from
metaphase to anaphase (Fig. 4.1C). Interestingly, a subset of RHAMM-silenced cells (~10%)
exhibited extensive metaphase arrest (>60 minutes) (Fig. 4.1C). Of note, only metaphase cells
with phenotypically normal bipolar spindles were included in this analysis.
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Figure 4.1 RHAMM-silenced HeLa cells are delayed in metaphase
A) HeLa cells expressing mCherry Histone-H2B were treated with either scrambled siRNA or
RHAMM targeting siRNA. Asynchronous cells were followed through mitosis by time-lapse
microscopy. Scale bars= 10 μm.
B) HeLa cells expressing mCherry Histone-H2B were treated with either scrambled siRNA or
RHAMM targeting siRNA. Asynchronous cells were imaged and the time needed to transition
from chromosome alignment (metaphase) to chromosome segregation (anaphase) was quantified.
Only cells with phenotypically normal bipolar spindles were analyzed. Box-and-whisker plots
display the median flanked by 10th, 25th, 75th, and 90th percentiles. (4 experiments, >90
cells/bar, +: mean, *P<0.05, t-test)
C) The percentage of mitotic cells that took >30 minutes to transition from metaphase to
anaphase is graphed. (mean ± s.d., n=4, 50 cells/bar, *P<0.05, t-test)
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Anaphase onset depends on completion of the spindle checkpoint, which will activate the
APC/C and promote the degradation proteins such as cyclin B and securin (Acquaviva and Pines,
2006; Castro et al., 2005; Chang et al., 2014; Ciosk et al., 1998; Clute and Pines, 1999; Nasmyth,
2002; Peters, 2002; Simpson-Lavy et al., 2015). Cyclin B expression peaks between
prometaphase and metaphase, and must be degraded prior to chromosome segregation (Chang et
al., 2003; Clijsters et al., 2014; van Zon et al., 2010). Thus, the kinetics of cyclin B degradation
serves as a biochemical marker for satisfaction of the assembly checkpoint. I followed the
kinetics of cyclin B1 degradation in HeLa cells following a single thymidine block by collecting
mitotic fractions (shake-off method) every 20 minutes starting 9 hours after release (Fig. 4.2A).
In control-treated cells, degradation of cyclin B1 began at 10 hours (9 hours + 60 minutes) and
was completed roughly 80 minutes later (Fig. 4.2B). In the RHAMM-silenced population,
however, the initiation of degradation was delayed by 20 minutes and complete loss occurred
120 minutes later (Fig. 4.2B). Interestingly, cyclin B1 degradation appeared to be biphasic in the
RHAMM-silenced population, suggesting a moderate delay in all cells and an extensive delay in
a subset of cells (Fig. 4.2B).
The transition from metaphase to anaphase, and therefore the satisfaction of the spindle
checkpoint, is delayed in RHAMM-silenced cells.
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Figure 4.2 Cyclin B1 degradation is delayed in RHAMM-silenced cells
A) Timeline showing the experimental strategy. HeLa cells were synchronized at S-phase with a
single thymidine block and then released into the cell cycle. Mitotic cells were collected by the
shake-off method at indicated times after thymidine release for protein analysis.
B) Lysates were analyzed for cyclin B1 levels. Equal loading was confirmed by probing for βactin. Cyclin B1 level was quantified first by normalizing to the level of β-actin at each
corresponding time point, then normalizing to the levels at the t=0 time point (9 hours post
release). 3 experiments, mean ± s.d.
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4.2.2

Delayed checkpoint completion is not solely due to spindle rotation in

RHAMM-silenced cells

A subset of RHAMM-silenced cells misorient the mitotic spindle (Dunsch et al., 2012),
which could delay the spindle checkpoint due to altered spindle geometry. To examine this
possibility, I took advantage of the fact that HeLa cells align their mitotic spindle parallel to the
growth surface, and divide along that axis. In standard fluorescence microscopy, I imaged fixed
cells at different focal positions along the z-axis, and then generated 2D maximum intensity
projections of those series rotated to reveal both spindle poles (Fig. 4.3A). In control-treated
cells, both spindle poles were typically visible on the same plane parallel to the coverslip surface.
In RHAMM-silenced cells, however, about 48% of mitotic cells demonstrated a rotated spindle
relative to the coverslip surface, compared to 15% of cells in the control population (Fig. 4.3B).
The observed proportion of rotated cells in RHAMM-silenced population (48%, Fig. 4.3B) is
comparable to previous findings (Dunsch et al., 2012). I then examined the kinetics of cell
division in RHAMM-silenced cells with and without rotated spindles. Time-lapse images
showed that a fraction of RHAMM-silenced cells displayed a “tumbling” spindle and these cells
arrested in metaphase, possibly, due to this rotation (Fig. 4.4A). In other RHAMM-silenced
metaphase cells (53%), however, the spindle oriented correctly and the cell underwent a
“stationary” metaphase arrest (Fig. 4.4A). I quantified metaphase to anaphase transition for cells
that displayed rotated or stationary spindles and found that roughly half of metaphase-arrested
RHAMM-silenced cells showed no evidence of spindle rotation (Fig. 4.4B).
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Figure 4.3 Spindle orientation is perturbed in RHAMM-silenced cells
A) Confocal maximum intensity projections (z-axis) of metaphase cells are shown in the top
row. The full 3D z-projections are rotated to view the spindle from various planes, arrow heads
are used to track individual spindle pole. In RHAMM siRNA treated cells, the bipolar spindle
failed to align parallel to the coverslip, unlike the scrambled siRNA treated cells. Arrow heads
mark individual spindle pole. Scale bars= 10 μm.
B) The percentage of metaphase cells with rotated spindles were quantified from fixed confocal
images. (mean ± s.d., n= 2, 145 cells, *P< 0.05, t-test).
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Figure 4.4 Delayed checkpoint in RHAMM-silenced cells is not solely due to spindle
rotation
A) Time-lapse microscopy of spindle rotation in RHAMM-silenced metaphase arrested HeLa
cells expressing mCherry Histone-H2B and eGFP-TUBA. Scale bars= 10 μm.
B) Scatter plot of checkpoint duration in individual HeLa cells treated with either scrambled
siRNA or RHAMM targeting siRNA. In the RHAMM-silenced population, 47% of metaphase
arrested cells exhibited spindle rotation. Blue line indicates the median quantified from the
scrambled siRNA population. (n= 4, 65 cells/treatment).
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4.2.3

RHAMM silencing does not affect the abundance of checkpoint proteins

The spindle checkpoint response correlates with the expression level of key checkpoint
proteins, such as BubR1 (Bohers et al., 2008), Mad2 (Niault et al., 2007) and CENPA (Amato et
al., 2009). To test whether the prolonged checkpoint response in RHAMM-silenced cells
corresponded with augmented expression of these proteins, I examined the abundance of key
checkpoint proteins in synchronized cells. Western blot analysis showed no difference in the
expression of key kinetochore proteins such as Aurora B, PLK1, BubR1 and Mad2 between
populations of control-treated and RHAMM-silenced cells (Fig. 4.5).

Figure 4.5 The abundance of checkpoint proteins is not affected in RHAMM-silenced cells.
The expression of key checkpoint proteins was measured 96 hours following transfection with
control siRNA or siRNA targeting RHAMM. Cells were synchronized by a double thymidine
block and released into early mitosis. Equal loading was confirmed by probing for β-actin.
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4.2.4

RHAMM silencing does not affect the localization of checkpoint proteins

I also examined the location of key checkpoint proteins in intact metaphase spindles (Fig.
4.6). In control-treated cells, I observed the expected localization of several checkpoint proteins
during metaphase: BuBR1 localized to individual kinetochore as discrete puncta (Fig. 4.6A);
Aurora kinase B localized throughout chromosome arms (Fig. 4.6B); PLK1 localized throughout
chromosome arms, as well as decorated the spindle poles (Fig. 4.6C); and Mad2 only located to
kinetochores of unattached chromosomes (Fig. 4.6D). These patterns of localization were
unaffected in RHAMM-silenced cells.
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Figure 4.6 Localization of checkpoint proteins is not affected in RHAMM-silenced cells.
A) In asynchronous HeLa cells treated with the indicated siRNA, BubR1 localizes to
chromosomes. Scale bar= 10 μm.
B) In asynchronous HeLa cells treated with the indicated siRNA, Aurora B localizes to
chromosomes. Scale bar= 10 μm.
C) In asynchronous HeLa cells treated with the indicated siRNA, PLK1 localizes to
chromosomes and spindle poles. Scale bar= 10 μm.
D) In asynchronous HeLa cells treated with the indicated siRNA, Mad2 localizes to unattached
chromosomes indicated by arrow. Scale bar= 10 μm.
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Next, I examined the loading of these proteins onto kinetochores after nocodazole
treatment to disrupt the spindle network and activate the spindle checkpoint prior to fixation
(Fig. 4.7A-D). All four proteins co-localized with CENPA, a marker for the inner kinetochore
plate, in both control-treated and RHAMM-silenced cells. Aurora B, however, appeared to be
slightly more diffuse within the chromosome volume in both control-treated and RHAMMsilenced cells. These findings suggest that RHAMM is not needed to locate key checkpoint
proteins.

118

Figure 4.7 RHAMM silencing does not affect loading of checkpoint proteins
A) Control-treated and RHAMM-silenced cells were treated with nocodazole to activate the
checkpoint, BubR1 co-localizes with CENPA at kinetochores. Scale bar= 10 μm.
B) Control-treated and RHAMM-silenced cells were treated with nocodazole to activate the
checkpoint, Aurora B co-localizes with CENPA at kinetochores. Scale bar= 10 μm.
C) Control-treated and RHAMM-silenced cells were treated with nocodazole to activate the
checkpoint, PLK1 co-localizes with CENPA at kinetochores. Scale bar= 10 μm.
D) Control-treated and RHAMM-silenced cells were treated with nocodazole to activate the
checkpoint, Mad2 co-localizes with CENPA at kinetochores. Scale bar= 10 μm.
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4.2.5

RHAMM is required for chromosome attachment and tension across kinetochores

Checkpoint completion requires bipolar attachment of all chromosomes to the spindle.
Mad2 localizes exclusively to unattached kinetochores and, as part of the mitotic checkpoint
complex (MCC), prevents anaphase entry. I analyzed kinetochore-microtubule (Kt-MT)
attachments in RHAMM-silenced cells and found significantly more Mad2-positive (unattached)
kinetochores in comparison to control- treated cells (Fig. 4.8A). In addition, the number of
Mad2-positive kinetochores within individual RHAMM-silenced cells was significantly higher
(Fig. 4.8A). I also measured the tension across kinetochores for insight into the type of Kt-MT
attachments; bi-oriented chromosomes are subjected to poleward forces exerted by motors,
which generates tension (Li and Nicklas, 1997; McIntosh, 1991) that is apparent as an increase in
the distance between paired sister kinetochores. As a control for loss of Kt-MT tension, I treated
cells with vincristine, a microtubule destabilizing drug, and observed a dose-dependent reduction
in inter-kinetochore distance (Fig. 4.8B). Consistent with a loss of tension, inter-kinetochore
distance was significantly reduced in RHAMM-silenced cells (Fig. 4.8B). To ensure that the
measurement of inter-kinetochore distance was not skewed due to the rotation of spindles in
RHAMM-silenced cells, I measured inter-kinetochore distances in images viewed through the zaxis as well as in images rotated along the z-axis, similar to Fig. 4.3A. Both quantification
methods revealed similar results (Fig. 4.8C).
Silencing RHAMM does not appear to affect the abundance or localization of key
checkpoint proteins but does reduce stable Kt-MT attachments. Spindle rotation only partially
accounts for the delay in metaphase to anaphase transition seen in RHAMM-silenced cells.
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Figure 4.8 RHAMM is required for chromosome attachment and tension at kinetochores
A) Mad2-specific immuno-staining was significantly increased in RHAMM-silenced metaphase
cells. Only cells with phenotypically normal bipolar spindles were included in the quantification.
Scale bars= 10 μm. (mean ± s.d., n= 4, >150 cells/bar, *P< 0.05, t-test).
B) Inter-kinetochore distance was quantified based on fluorescence intensity profile of paired
NDC80 foci and was found to be decreased in RHAMM-silenced metaphase cells as well as cells
treated with different doses of vincristine (diluted in water) for 1hr prior to fixation. Only cells
with phenotypically normal bipolar spindles were included in the quantification. More than 500
kinetochores from 150 cells were quantified for each treatment. Scale bars= 10 μm. (mean ± s.d.,
n= 4, *P< 0.05, t-test).
C) Inter-kinetochore distance was quantified based on fluorescence intensity profile of paired
NDC80 foci in metaphase cells. Measurements were first performed in the x/y-axis, and then
measurements were repeated along a rotated axis where both spindle poles were visible in the
same focal plane. Only cells with phenotypically normal bipolar spindles were included in the
quantification. More than 120 kinetochores from 60 cells were quantified for each treatment.
(mean ± s.d., n= 3, *P< 0.05, t-test).
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4.2.6

Eg5 inhibition rescues checkpoint kinetics and inter-kinetochore tension in

RHAMM-silenced cells

In RHAMM-silenced cells, I observed a delay in the progression to anaphase with no
associated changes in the location and abundance of key checkpoint proteins. Moreover, I
observed compressed mitotic spindles and the improper formation or stability of Kt-MT
attachments. In mitotic cells depleted of dynein, spindles appear unfocused and chromosome
alignment is delayed due to unbalanced outward forces that can be rescued through concurrent
inhibition of Eg5 (van Heesbeen et al., 2014). Moreover, the transport of checkpoint proteins,
such as KMN network components Mad1/2, Bub1 and BubR1, is impaired leading to their
accumulation at kinetochores (Silva et al., 2015). While I observed no changes in
loading/stripping of checkpoint proteins in RHAMM-silenced cells, the observed alterations in
spindle architecture, metaphase to anaphase kinetics and Kt-MT attachments are consistent with
those observed when motor forces are unbalanced. I reasoned, therefore, that excess outward
force along the spindle may explain the phenotypes I observed in RHAMM-silenced cells.

To test my hypothesis, I dampened outward Eg5-dependent forces by treating cells with a
small molecule Eg5 inhibitor, termed S-trityl-L-cystein (STLC). As expected, the frequency of
monopolar spindles was significantly increased after 2 hours of STLC treatment (Fig. 4.9A).
Time-lapse image analysis of single mitotic cells expressing mCherry-H2B as they transited
through division (Fig. 4.9B) revealed that STLC treatment alleviated the metaphase delay
observed in RHAMM-silenced cells (representative images labelled as RHAMM 1 in Fig. 4.9B).
Importantly, few RHAMM-silenced cells underwent a prolonged (>60 minutes) metaphase
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phenotype (representative images labelled as RHAMM 2 in Fig. 4.9B) when Eg5 was
concurrently inhibited (Fig. 4.9C). Eg5 inhibition also significantly reduced the time needed for
metaphase to anaphase transition (Fig. 4.9D) and restored kinetochore tension in RHAMMsilenced cells (Fig. 4.9E).

4.2.7

Silencing Kif15 does not rescue checkpoint kinetics in RHAMM-silenced cells

Kif15 exerts outward forces on the spindle during centrosome separation (Tanenbaum et
al., 2009; van Heesbeen et al., 2014; Vanneste et al., 2009) and contains a C-terminal bZip
domain that is homologous to the conserved bZip motif in RHAMM (Maxwell et al., 2003). To
test whether augmented Kif15 activity may occur and explain the phenotypes observed in
RHAMM-silenced cells, I used a double siRNA approach to deplete endogenous Kif15 and
RHAMM in HeLa cells expressing mCherry-H2B. Western blot analysis confirmed the silencing
of Kif15 and/or RHAMM (Fig. 4.10A). Time-lapse image analysis of single mitotic cells
expressing mCherry-H2B as they transited through division (Fig. 4.10B), however, showed that
Kif15 silencing failed to reduce the prolonged metaphase observed in RHAMM-silenced cells
(Fig. 4.10C) and did not significantly impact the kinetics of the metaphase to anaphase
progression (Fig. 4.10D). Thus, augmented activity of Eg5, but not Kif15, is at least partially
responsible for the compressed spindles, reduced Kt-MT attachments and inter-kinetochore
tension, and delayed metaphase to anaphase kinetics observed in RHAMM-silenced cells. Note,
Kif15 silencing is less efficient in HeLa cells treated with both siRNA targeting Kif15 and
RHAMM, potentially due to less siRNA added during transfection as required by the protocol.
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Figure 4.9 Eg5 inhibition rescues mitotic kinetics and inter-kinetochore tension in
RHAMM-silenced cells
A) HeLa cells expressing mCherry Histone-H2B and eGFP-TUBA were treated with scrambled
control siRNA and either 50μM STLC, or equivalent DMSO vehicle control, for 2hr prior to
fixation. The percentage of mitotic cells with monopolar spindle was scored (n=3, >75 cells/bar,
+: mean, *P<0.05, t-test)
B) HeLa cells expressing mCherry Histone-H2B were treated as indicated and followed through
mitosis. Only bipolar metaphase cells were included in the analysis and the different mitotic
phases, as indicated by chromosome morphologies, were extracted from the imaging data.
C) Extraction of mitotic phases and alignment, based upon time spent in metaphase, for the
indicated treatments.
D) Quantification of the time needed to progress from chromosome alignment (metaphase) to
chromosome segregation (anaphase). Only cells with bipolar spindles were included in the
quantification. Box-and-whisker plots display the median flanked by 10th, 25th, 75th, and 90th
percentiles. (3 experiments, +: mean, *P<0.05, t-test)
E) Inter-kinetochore distance was quantified based on fluorescence intensity profile of paired
NDC80 puncta. This distance was found to be decreased in RHAMM-silenced metaphase cells
and was recovered following 2 hours of treatment with 50μM STLC relative to DMSO vehicle
control treatment. More than 100 kinetochores from 60 cells were quantified for each treatment.
(mean ± s.d., n= 3, *P< 0.05, t-test)
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Figure 4.10 Silencing Kif15 does not rescue checkpoint kinetics in RHAMM-silenced cells
A) HeLa cells expressing mCherry Histone-H2B were transfected with the indicated siRNA and,
96 hours later, synchronized in prometaphase by nocodazole treatment and lysed. RHAMM or
Kif15 abundance was measured by Western blot analysis with β-actin serving as a loading
control.
B) HeLa cells expressing mCherry Histone-H2B were treated as indicated and followed through
mitosis. Only bipolar metaphase cells were included in the analysis and the different mitotic
phases, as indicated by chromosome morphologies, were extracted from the imaging data.
C) Extraction of mitotic phases and alignment, based upon time spent in metaphase, for the
indicated treatments.
D) Quantification of the time needed to progress from chromosome alignment (metaphase) to
chromosome segregation (anaphase). Only cells with bipolar spindles were included in the
quantification. Box-and-whisker plots display the median flanked by 10th, 25th, 75th, and 90th
percentiles. (3 experiments, +: mean, *P<0.05, t-test)
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4.2.8

Eg5 inhibition does not affect the kinetics of other mitotic stages in

RHAMM-silenced cells

I examined whether a putative motor imbalance observed during metaphase may also
alter the kinetics of spindle assembly (prophase and prometaphase) (Fig. 4.11A) or mitotic exit
(anaphase to telophase) (Fig. 4.11B). Consistent with my prior findings (section 3.2.4), I
observed that RHAMM-silenced cells required more time transiting through prophase and
prometaphase (Fig. 4.11A). Silencing Kif15, alone or in combination with silencing RHAMM,
did not significantly alter the kinetics of spindle assembly (Fig. 4.11A). Importantly, Eg5
inhibition induced monopolar spindles in the majority of mitotic cells (Fig. 4.9A). Therefore, I
measured the kinetics in the few Eg5-inhibited cells that formed bipolar spindles, which
displayed altered spindle assembly kinetics only in combination with RHAMM depletion, but
not Eg5 inhibition alone (Fig. 4.11A). However, the kinetics of mitotic exit were not altered in
any of the conditions measured (Fig. 4.12B).
In summary, inhibition of Eg5, the major generator of outward forces exerted on the
mitotic spindle, restored spindle checkpoint kinetics and recovered inter-kinetochore tension in
RHAMM-silenced cells; however, silencing Kif15 did not alter kinetics or tension. Thus, motor
force balance along the metaphase spindle may be disturbed in the absence of RHAMM resulting
in excess outward forces produced by Eg5 that reduce inter-kinetochore tension and delay the
completion of the checkpoint and the transition to anaphase.
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Figure 4.11 In cells with bipolar spindles, the inhibition of outward motor forces does not
alter the kinetics of early or late mitotic stages in the presence or absence of RHAMM.
A) HeLa cells expressing mCherry Histone-H2B were treated as indicated and followed through
mitosis. Only bipolar metaphase cells were included in the analysis. The time needed to transit
from prophase (chromosome condensation) through prometaphase (prior to chromosome
alignment) was quantified. Box-and-whisker plots display median flanked by 10th, 25th, 75th,
and 90th percentiles. (3 experiments, +: mean, number of cells quantified as indicated**P<0.05
compared to scrambled siRNA, ANOVA)
B) HeLa cells expressing mCherry Histone-H2B were treated as indicated and followed through
mitosis. Only bipolar metaphase cells were included in the analysis. The time needed to transit
from anaphase (chromosome segregation) through telophase/cytokinesis (prior to loss of central
spindle) was quantified. Box-and-whisker plots display median flanked by 10th, 25th, 75th, and
90th percentiles. (3 experiments, +: mean, number of cells quantified as indicated **P<0.05
compared to scrambled siRNA, ANOVA)
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4.2.9

Silencing RHAMM does not affect motor protein abundance
To understand the mechanism that underly augmented Eg5 activity in RHAMM-silenced

cells, I first examined the abundance of Eg5, along with other motors such as p150 (the
intermediate chain for dynein) (Fig. 4.12). The abundance of RHAMM was efficiently reduced
(NOTE: the doublet represents the full-length, 724 aa, and –exon 4, 708 aa, variants) as was the
abundance of TPX2 (Chen et al., 2014), which was restored by inhibiting the proteasome with
MG132 (Fig. 4.12). However, the abundance of kinesin motors, Eg5 and Kif15, and the p150
component of dynein were not affected (Fig. 4.12).

Figure 4.12 TPX2, but not Kif15, Eg5, or p150, is reduced in RHAMM-silenced cells.
HeLa cells were treated with scrambled control siRNA or siRNA targeting RHAMM and, 48
hours later, synchronized to early mitosis by a double thymidine treatment and subsequently
lysed. Prior to lysis, cells were treated with either proteasome inhibitor (MG132, 15 µM) or
DMSO vehicle control for 2 hours. The abundance of indicated proteins was determined through
western blot analysis and equal loading was confirmed by probing for β-actin. Images are
representative of two experiments.
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4.2.10 Silencing RHAMM alters spindle morphology but not Eg5 and Kif15 localization.
Nest, I assessed the localization of Eg5 or Kif15 in control-treated and RHAMM-silenced
cells. In control-treated cells, the spindle was focused with bilaterally equal half spindles; Eg5
localized along spindle microtubules while Kif15 concentrated at spindle poles (Fig. 4.13). In
RHAMM-silenced cells, however, the spindle appeared compressed with unfocussed poles, in
accordance with my previous findings (section 3.2.11) and consistent with augmented Eg5
activity (Ma et al., 2011; Uteng et al., 2008). Despite this aberrant, unfocused spindle
morphology, Eg5 remained localized along spindle microtubules (Fig. 4.13A) while the
localization of Kif15 was consistent with the minus ends of mitotic microtubules (Fig. 4.13B).

Figure 4.13 Kinesin localization is not affected in RHAMM-silenced cells
A) Confocal images of Eg5 localization along the metaphase spindle (indicated by beta-tubulin,
TUBB) in cells treated with scrambled siRNA or siRNA targeting RHAMM. Images are
representative of four experiments. Scale bars= 10 μm.
B) Confocal images of Kif15 localization along the metaphase spindle (indicated by beta-tubulin,
TUBB) in cells treated with scrambled siRNA or siRNA targeting RHAMM. Images are
representative of four experiments. Scale bars= 10 μm.
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4.2.11 Silencing RHAMM attenuates the TPX2-Eg5 but not the TPX2-Kif15 interaction

TPX2 interacts with both Eg5 and Kif15 and these interactions alter their respective
motor activities (Balchand et al., 2015; Drechsler et al., 2014; Gable et al., 2012; Ma et al.,
2011). As the abundance and location of TPX2 is altered in RHAMM-silenced cells (Chen et al.,
2014; Scrofani et al., 2015), I hypothesized that interactions between TPX2 and kinesins may be
attenuated as a result. To test this, I first examined protein interactions in untreated cells using
immunoprecipitation experiments. I used two different RHAMM antibodies targeting either the
N- or C-terminus of the protein to immuno-isolate RHAMM complexes from early mitotic cells
(Fig. 4.14A). These antibodies efficiently depleted RHAMM from post-IP lysates (Fig. 4.14A). I
probed the precipitates for TPX2, a known interacting protein, and NuMA, a spindle assembly
factor that is known to not interact with RHAMM (Fig. 4.14A). I identified Kif15, but not Eg5,
in precipitates isolated by either RHAMM antibody. This suggested that the augmented Eg5
activity in RHAMM-silenced cells was not a direct effect of RHAMM on Eg5 but rather an
indirect effect.
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Figure 4.14 Precipitates isolated from synchronized HeLa cells reveal a new RHAMMKif15 interaction and confirm known TPX2 interactions.
A) Antibodies raised against either the N- or C-terminus of RHAMM precipitated Kif15, but not
Eg5, from double thymidine synchronized mitotic HeLa lysates. TPX2 was included as a
positive control, whereas NuMA was included as a negative control. RHAMM was efficiently
precipitated, as indicated by comparisons of pre-cleared and post-immunoprecipitation lysates.
Equal loading was confirmed by probing for β-actin.
B) Antibodies raised against TPX2 precipitated Kif15, Eg5, and RHAMM from double
thymidine synchronized mitotic HeLa lysates. TPX2 was efficiently precipitated, as indicated by
comparisons of pre-cleared and post-immunoprecipitation lysates. Equal loading was confirmed
by probing for β-actin.
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To determine whether TPX2-kinesin interactions were altered in RHAMM-silenced cells,
I first evaluated precipitates isolated from synchronized HeLa cell lysates using an antibody
raised against TPX2. These precipitates of endogenous proteins contained both kinesins as well
as RHAMM (Fig. 4.14B). To determine the necessity of RHAMM for either the Eg5-TPX2 or
the Kif15-TPX2 interaction, I precipitated complexes from lysates prepared from HeLa cells
pretreated with control (scrambled) siRNA or with siRNA targeting RHAMM (Fig. 4.15 and Fig.
4.16). As the abundance of TPX2 is reduced in RHAMM-silenced cells, I also treated cells with
either a vehicle (DMSO) control or a proteasome inhibitor (MG132) to equalize the levels of
TPX2, as described in section 4.2.9. To analyze the abundance of precipitated proteins, I utilized
IR detection, which afforded two benefits: 1) protein abundance is linear to detection levels, and
2) co-precipitated kinesins (Eg5 or Kif15) could be detected on the same membrane as the
precipitated TPX2. In lysates generated from RHAMM-silenced cells, the amount of Eg5
precipitated with TPX2 antibodies is less than 50% of that in control-treated cell lysates, despite
the equivalent levels of TPX2 (Fig. 4.15A). Reciprocal precipitates using Eg5 antibodies
revealed similarly attenuated levels of co-precipitated TPX2 in lysates generated from RHAMMsilenced cells (Fig. 4.15B). I used a similar reciprocal co-precipitation strategy to analyze the
TPX2-Kif15 complex in lysates generated from control-treated or RHAMM-silenced cells;
however, I did not detect differences in TPX2-Kif15 interactions between these cell populations
(Fig. 4.16A and B). Lastly, the high efficiency of each of these immunoprecipitations was
confirmed by the reduced protein abundance in the post-IP fractions relative to the pre-cleared
(pre-IP) fractions (Fig. 4.16C).
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Figure 4.15 RHAMM silencing attenuates TPX2-Eg5 interaction
A) HeLa cells (treated as indicated) were synchronized by a double thymidine treatment and
released into early mitosis. Prior to lysis, cells were treated with either proteasome inhibitor
(MG132, 15 µM) or DMSO vehicle control for 2 hours. Quantitative Western blot analysis of
immunoprecipitates for TPX2 antibodies revealed decreased abundance of Eg5 in RHAMMsilenced populations. Protein bands were visualized by Licor imaging using IR fluorophore
tagged secondary antibodies. The asterisk marks a non-specific band.
B) HeLa cells (treated as indicated) were synchronized by a double thymidine treatment and
released into early mitosis. Prior to lysis, cells were treated with either proteasome inhibitor
(MG132, 15 µM) or DMSO vehicle control for 2 hours. Quantitative Western blot analysis of
immunoprecipitates for Eg5 antibodies revealed decreased abundance of TPX2 in RHAMMsilenced populations. Protein bands were visualized by Licor imaging using IR fluorophore
tagged secondary antibodies.
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Figure 4.16 RHAMM silencing does not affect TPX2-Kif15 interaction
A) HeLa cells (treated as indicated) were synchronized by a double thymidine treatment and
released into early mitosis. Prior to lysis, cells were treated with either proteasome inhibitor
(MG132, 15 µM) or DMSO vehicle control for 2 hours. Western blot analysis of
immunoprecipitates for TPX2 antibodies revealed similar levels of Kif15 in control and
RHAMM-silenced populations.
B) HeLa cells (treated as indicated) were
released into early mitosis. Prior to lysis,
(MG132, 15 µM) or DMSO vehicle
immunoprecipitates for Kif15 antibodies
RHAMM-silenced populations.

synchronized by a double thymidine treatment and
cells were treated with either proteasome inhibitor
control for 2 hours. Western blot analysis of
revealed similar levels of TPX2 in control and

C) Examination of immunoprecipitation efficiency for antibodies targeting Kif15, TPX2 or Eg5.
Equal loading was confirmed with actin.
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4.2.12 RHAMM is required for concentrating TPX2 on spindle poles

Results described in section 4.2.11 suggest that formation of an inhibitory TPX2-Eg5
complex is attenuated in RHAMM-silenced mitotic cell lysates. I reasoned that this effect may
be due to TPX2 mislocalization along the mitotic spindle, given I observed no difference in Eg5
location in RHAMM-silenced cells (Fig. 4.13). To test this, I compared the location of TPX2 and
Eg5 along the mitotic spindle in control and RHAMM-silenced cells by immunofluorescence
(Fig. 4.17). In control cells, TPX2 and Eg5 colocalize along the entire mitotic spindle, however,
in RHAMM-silenced cells, TPX2 is greatly reduced at the poles but remains present on
microtubules in the half-spindle, which is defined as the region between the pole and equator.
Intensity profile by linescan analysis reveal in RHAMM-silenced cells that TPX2 and Eg5 fail to
colocalize at the spindle poles, demonstrated by intensity peaks that no longer overlap at these
sites.
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Figure 4.17 RHAMM is required to concentrate TPX2 at spindle poles.
Confocal images of TPX2 and Eg5 localization along the metaphase spindle in cells treated with
scrambled siRNA or siRNA targeting RHAMM. Corresponding fluorescence intensity profiles
were analyzed by linescan as indicated by the white line. Notice that shift of the intensity peaks
for TPX2 in the RHAMM-silenced cell. Images are representative of three experiments. Scale
bars= 10 μm.
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4.2.13 The RHAMM-TPX2 interaction is required for spindle checkpoint completion

Having demonstrated that silencing RHAMM reduces the formation of (inhibitory)
TPX2-Eg5 complexes potentially at spindle poles, and inhibition of Eg5 activity restores tension
and anaphase progression in RHAMM-silenced cells, I reasoned that a RHAMM-TPX2
interaction may be needed to establish tension and promote mitotic progression. To test this
hypothesis, I introduced siRNA-resistant GFP-RHAMM truncation mutants into RHAMMsilenced cells and measured the kinetics of anaphase progression and inter-kinetochore tension
(Fig. 4.18A and B). These GFP-RHAMM truncation mutants were designed to investigate the
functional significance of the TPX2 binding domain: the C-terminal bZip motif (described in
section 3.2.10). Live cell analysis was performed during optimal GFP-RHAMM expression,
which was determined to be 48 hours post transfection. Time-lapse image analysis revealed that
rescue with GFP-RHAMM constructs that contained the bZip motif (full-length and aa 1-679)
were able to alleviate the metaphase arrest (Fig. 4.18B) and recover tension (Fig. 4.18C) in cells
depleted of endogenous RHAMM. GFP-RHAMM1-623, which lacks the bZip motif, and GFPRHAMM (ΔbZip), where three conserved leucines were mutated to arginines, were not able to
alleviate the metaphase arrest or establish tension.
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Figure 4.18 The C-terminal bZip motif in RHAMM is required for spindle checkpoint
completion
A) GFP-RHAMM (full-length), or variants thereof, were transfected into RHAMM-silenced
cells. The cells were labelled with Hoechst to visualize DNA, and mitotic kinetics were followed
by time-lapse microscopy. Scale bar= 10 μm.
B) Schematic diagram of domains in RHAMM. The three grey lines in the bZip construct
represent leucines mutated to arginines. The time needed to progress from chromosome
alignment (metaphase) to chromosome segregation (anaphase) was quantified in cells with
phenotypically normal bipolar spindles from experiments as shown in (A). Box-and-whisker
plots display the median flanked by 10th, 25th, 75th, and 90th percentiles. (3 experiments, >30
cells/bar, mean: “+”, **P<0.05 compared to scrambled siRNA, ANOVA)
C) GFP-RHAMM (full-length), or variants thereof, were transfected into RHAMM-silenced
cells and inter-kinetochore tension was measured based on NDC80 staining in metaphase cells
with phenotypically normal bipolar spindles. More than 100 kinetochores from 60 cells were
quantified per treatment. Scale bars= 10μm. (mean ± s.d., n= 3, *P< 0.05, t-test)
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Collectively, these findings demonstrate that RHAMM depletion resulted in compressed
and unfocused metaphase spindles. The following endogenous complexes were identified:
RHAMM-Kif15; RHAMM-TPX2; TPX2-Kif15; and, TPX2-Eg5. In lysates generated from
RHAMM-silenced cells, the abundance of TPX2-Eg5 complexes was attenuated as demonstrated
in reciprocal immune-precipitates. The depletion of RHAMM, however, did not affect the
abundance of TPX2-Kif15 complexes. Thus, TPX2 does not require RHAMM to interact with
Kif15 (NOTE: both Kif15 and RHAMM contain a C-terminal bZip motif that directs TPX2
binding). While RHAMM does not form an endogenous complex with Eg5, the depletion of
RHAMM does reduce the TPX2-Eg5 interaction. Specifically, localization analysis revealed
TPX2 no longer colocalized with Eg5 at spindle poles in the absence of RHAMM. Thus, a
fraction of the mitotic pool of TPX2 requires RHAMM to interact with Eg5, or the efficiency of
the TPX2-Eg5 interaction is augmented in the presence of RHAMM. Speaking to the latter point,
the bZip motif in the C-terminus of RHAMM, which is needed to bind TPX2, is needed to
generate tension across sister kinetochores and complete the spindle checkpoint. Thus,
RHAMM-TPX2 complexes promote the formation of inhibitory TPX2-Eg5 complexes, which
reduce outward forces on the spindle, maintain spindle bipolarity, promote tension and enable
the completion of the spindle checkpoint and progression into anaphase.
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4.2.14 RHAMM-silenced cells exhibit cohesion fatigue phenotype
A subset of RHAMM-silenced metaphase cells (~10%) exhibit extensive arrest during
metaphase (>60 mins) when followed by time-lapsed image analysis (Fig. 4.1B). But, when
mitotic progression is followed in cell lysates, cyclin B1 degradation occurs (Fig. 4.2) even in the
presence of the reduced inter-kinetochore tension that characterizes RHAMM-silenced cells.
When I examined RHAMM-silenced cells undergoing a prolonged bipolar metaphase arrest, I
noted a scatter chromosome phenotype (Fig. 4.19A), consistent with a phenomenon previously
described as cohesion fatigue (Daum et al., 2012; Stevens et al., 2011).
Cohesion fatigue is the asynchronous separation of chromatids in cells that exhibit a
prolonged metaphase arrest (Gorbsky, 2013). Asynchronous separation of chromatids may
contribute to both numerical and structural chromosome abnormalities, as well as trigger the
reactivation of the spindle checkpoint and checkpoint induced apoptosis (Gorbsky, 2013). To
examine this phenomenon in RHAMM-silenced cells, I first classified cohesion fatigue by the
presence of chromosome scattering (Fig. 4.19B). In the RHAMM-silenced population, 14% of
mitotic cells underwent cohesion fatigue followed predominantly by an abnormal anaphase and
mitotic exit. Expression of GFP-RHAMM was only able to partially reduce the frequency of
cohesion fatigue, specifically, the level of mitotic death was not attenuated.
Previous studies have proposed two mechanisms to explain the occurrence of cohesion
fatigue following a prolonged metaphase arrest. The first proposes that a decreased level of
cohesin proteins may reduce the structural integrity of the cohesin complex on the chromosomes
and cause cohesion fatigue (Daum et al., 2012, 2009). In mitotic lysates of RHAMM-silenced
cells, however, the levels of Rad21 and SMC2, two core components of the cohesin complex,
were indistinguishable with those seen in the control-treated population (Fig. 4.19C). Confocal
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images of metaphase cells also showed the correct localization of SMC2 along the entire
chromosome volume in RHAMM-silenced and control-treated metaphase cells (Fig. 4.19D).
Another model proposes that excess pulling forces along the mitotic spindle may simply rupture
the cohesin complex, and induce asynchronous chromatid segregation (Gorbsky, 2013). This
putative mechanism for cohesin fatigue may better align with my previous findings
demonstrating an excess in outward forces present along the mitotic spindle in RHAMMsilenced cells.
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Figure 4.19 RHAMM silencing induces cohesion fatigue
A) Time-lapse microscopy of HeLa cells expressing mCherry Histone-H2B demonstrates
chromosome scattering in RHAMM-silenced cells after prolonged metaphase delay. Scale bars=
10 μm.
B) Percentage of cells in experiments as in A) that underwent different mitotic fates. (mean ±
s.d., 100-150 cells analyzed between 3 experiments).
C) HeLa cells were treated with either scrambled siRNA or siRNA targeting RHAMM, treated
with a double thymidine block and released to early mitosis. Cell lysates were probed for cohesin
complex proteins, Rad21 and SMC2. Equal loading was confirmed by probing for β-actin.
D) HeLa cells were treated with either scrambled siRNA or siRNA targeting RHAMM, treated
with a double thymidine block and released to early mitosis. SMC2 localized to chromosomes in
both treatment. Scale bars= 10 μm.
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4.3

1.

Key findings

Silencing RHAMM induces a sustained activation of the spindle checkpoint and delays
mitotic progression into anaphase.

2.

In RHAMM-silenced cells, Kt-MT attachments and inter-kinetochore tension are
reduced, metaphase spindles are unfocused, but the localization of key checkpoint
proteins to the kinetochore, Eg5 to mitotic microtubules, and Kif15 to the spindle pole is
not affected.

3.

In RHAMM-silenced cells, inhibitory TPX2-Eg5 complexes are significantly reduced,
implicating hyperactive Eg5 activity as a putative cause for checkpoint delay.
Consistently, addition of an Eg5 inhibitor to RHAMM-silenced cells establishes
inter-kinetochore tension and promotes progression into anaphase.

4.

Progression to anaphase requires RHAMM variants that encode the conserved bZip motif
necessary for RHAMM-TPX2 interactions.

5.

4.4

Prolonged metaphase arrest in RHAMM-silenced cells resolves through cohesion fatigue.

Discussion

The spindle checkpoint is a safety net that ensures successful mitosis by promoting
mitotic exit only when equal chromosome segregation can be achieved. Thus, turning “on” the
checkpoint signal is important to maintain genome fidelity, whereas turning “off” the checkpoint
signal allows for entry into anaphase. Indeed, cells with weak checkpoint signals tend to slip out
of mitosis with chromosome segregation errors (Bohers et al., 2008; Fang, 2002; Lampson and
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Kapoor, 2005), while cells with sustained checkpoint activation undergo prolonged metaphase
arrest (Lara-Gonzalez and Taylor, 2012). I found that the depletion of RHAMM increased the
time needed to transition from metaphase to the onset of anaphase, which suggested sustained
checkpoint activation. Consistently, the degradation of cyclin B1 was delayed in RHAMMsilenced cells. Sustained activation of the checkpoint occurred without evidence for changes in
the abundance or location of key checkpoint proteins. Dunsch et al also observed a kinetic delay
between nuclear envelope breakdown and the onset of anaphase without changes to the
localization of BubR1 (Dunsch et al., 2012). However, Dunsch et al attributed this delay to
spindle rotation that is normally prevented by a complex containing RHAMM, a spindle protein
termed CHICA and dynein light chain 1 (Dunsch et al., 2012). Consequently, I analyzed spindle
rotation in RHAMM-silenced cells but found the spindle oriented properly in half of the delayed
mitotic cells. This prompted me to ask: Why do RHAMM-silenced cells with oriented and
bipolar spindles exhibit sustained checkpoint activation?
A defining characteristic of metaphase spindle organization is the equilibrium established
between opposing motor forces along the mitotic spindle. Dynein depletion, which removes
inward forces on the spindle, results in unfocused spindles and delays chromosome alignment;
when I silenced RHAMM, I observed phenotypes that approximated these observations. Indeed,
the inhibition of the major outward force generator, Eg5, alleviated the mitotic delay induced in
RHAMM-silenced cells. These findings are consistent with previous reports where inhibition of
Eg5 restores bipolar spindle assembly in dynein-deficient cells (Mitchison et al., 2005;
Tanenbaum et al., 2008). A series of papers identified Kif15 as a cooperative motor to Eg5
(Tanenbaum et al., 2009; Vanneste et al., 2009). Kif15 is not essential for bipolar spindle
assembly during normal circumstances, but is required to partially rescue defects associated with
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Eg5 inhibition (Tanenbaum et al., 2009; Vanneste et al., 2009). In accordance with those
findings, I found that the inhibition of Eg5, but not Kif15, reduced the metaphase delay observed
in RHAMM-silenced cells. Though it may be interesting to assess mitotic kinetics after
inhibition of both kinesins in RHAMM-silenced cells, various other investigations had reported
simultaneous inhibition of Eg5 and Kif15 to be unfeasible due to bipolar spindles collapsing to
monopolar spindles (Tanenbaum et al., 2009; van Heesbeen et al., 2014).
Motor protein behavior is dependent on interactions with associated adapter proteins.
These interactions determine motor protein localization, directionality, movement and function.
TPX2 blocks the path of Eg5 on microtubule fibers via steric hindrance and functions as a potent
inhibitor of Eg5 velocity by reducing its microtubule stepping activity (Balchand et al., 2015; Ma
et al., 2011). Loss of this inhibitory action increases Eg5 movement towards microtubule plus
ends, and the excess outward forces generated can cause astral microtubules to splay outward
and produce unfocused spindle poles. These phenotypes are observed in RHAMM-silenced cells
suggestive of excessive outward force at spindle poles. Indeed, my analyses of RHAMMsilenced mitotic cells indicate a reduction, but not complete loss, in the formation of inhibitory
TPX2-Eg5 complexes (Balchand et al., 2015; Ma et al., 2011) as well as the disruption of colocalization between TPX2 and Eg5 specifically at spindle poles. Similar to the interaction
between Aurora A and TPX2, TPX2-Eg5 complex formation was reduced even when the levels
of TPX2 were restored by chemical inhibition of the proteasome. As RHAMM does not directly
bind to Eg5, it may be needed to locate TPX2 to spindle poles to enable an interaction with Eg5
at this subcellular site. It is known that Eg5 localizes to poles through dynein and does not
require TPX2 (Gable et al., 2012; Ma et al., 2011); consistently, Eg5 localized along spindle
fiber and spindle poles in RHAMM-silenced cells. Thus, my results are consistent with a
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requirement for RHAMM to promote a TPX2-Eg5 complex at the spindle pole; for this reason,
the depletion of RHAMM does not completely disrupt TPX2-Eg5 complexes, which may still
occur along the spindle fibers on the half-spindle. Collectively, my results indicate a net gain of
outward force in RHAMM-silenced cells due to hyperactive Eg5 activity.
Force balance ensures chromosome attachment and alignment, which is required to
complete the spindle checkpoint response. K-fibers are the main type of spindle microtubules
needed to form stable Kt-MT attachments. TPX2-Eg5 complexes organize microtubules
nucleated near kinetochores into functional K-fibers (Ma et al., 2011). For this reason, the
expression of a truncated TPX2 construct (lacking the Eg5 binding domain) into TPX2-silenced
cells did not affect microtubule nucleation near kinetochores but abolished cold-resistant
organized K-fibers (Ma et al., 2011). Reduced TPX2-Eg5 complexes may mechanistically
explain why stable Kt-MT attachments were not formed in RHAMM-silenced cells, as observed
by Dunsch and colleagues (Dunsch et al., 2012). That is, my studies found cells lacking
RHAMM are able to assemble K-fibers, albeit with reduced kinetics (i.e., non-centrosomal
microtubule assembly was delayed but not abolished), but these fibers may be less stable due to a
reduction in TPX2-Eg5 complexes.
Under normal circumstances in mitosis, metaphase is a brief stage, which reflects the
transient nature of the spindle checkpoint. While a robust checkpoint signal is crucial to
maintaining genome fidelity, failure to resolve the checkpoint signal can cause unscheduled
mitotic exit and produce aneuploid progeny cells (C. Rieder and Maiato, 2004; Rossio et al.,
2010; Weaver and Cleveland, 2005). Here, I show that prolonged metaphase arrest results in
cohesion fatigue in a subset of RHAMM-silenced cells. Examination of key proteins within the
cohesin complex revealed that the observed progressive chromatid separation may not be due to
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reduced stability of the cohesin complex. I noted no differences in cohesin protein abundance
and localization in the absence of RHAMM, suggesting chromatid cohesion is present. However,
in a subset of metaphase delayed RHAMM-silenced cells, the excess outward forces created
through hyperactive Eg5 may overcome the inward forces provided by chromatid cohesion and
induce cohesion fatigue. Taken together, my findings show RHAMM acts as a brake on Eg5dependent outward forces via targeting of TPX2 to spindle poles. This regulatory relationship is
needed to facilitate correct chromosome segregation and prevent cohesion fatigue and aneuploid
progeny.
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Chapter 5: Mitotic success is dependent on the appropriate expression of RHAMM

5.1

Rationale and hypothesis

The immunodepletion of XRHAMM from Xenopus egg extracts blocked TPX2
concentration to spindle poles and disrupted spindle organization (Groen et al., 2004).
Paradoxically, accumulation of XRHAMM, as achieved through the loss of BRCA1/BARD1,
also disrupted TPX2 localization to spindle poles and affected spindle organization (Joukov et
al., 2006). These findings imply that the dosage of RHAMM may be finely regulated during cell
division. The results described in Chapters 3 and 4 consistently show that the construction and
functionality of the mitotic spindle is negatively impacted when RHAMM is reduced. Thus, I
hypothesize that the expression of RHAMM must be appropriately regulated within the dividing
cell, and the over-expression of RHAMM may disrupt spindle architecture and the kinetics of
mitosis.
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5.2

Results

5.2.1

Overexpression of GFP-RHAMM results in aberrant spindle figures

To study the effects of excess RHAMM during mitosis in human cells, a HeLa sub-line
was engineered with doxycycline-inducible expression of full-length GFP-RHAMM. In this
model, GFP-RHAMM expression can be titrated by increasing induction time (Fig. 5.1A). After
24 hours of doxycycline induction, GFP-RHAMM expression was comparable to the level of
endogenous RHAMM expression observed in nocodazole arrested mitotic cells (lane 1, Fig.
5.1A). Immunofluorescence quantification of fixed mitotic cells demonstrated a significant
increase of aberrant spindle phenotypes with the induction of GFP- RHAMM expression (Fig.
5.1B).
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Figure 5.1 Doxycycline induced overexpression of GFP-RHAMM disrupts spindle
organization
A) HeLa cells were treated with doxycycline for indicate durations to induce GFP-RHAMM
overexpression, un-induced cells were treated with or without nocodazole for 12 hours. Analysis
of lysates demonstrates GFP-RHAMM expression is titratable by increasing the duration of
doxycycline treatment. At 24 hours induction, the level of GFP-RHAMM approximated the level
of endogenous RHAMM in nocodazole arrested mitotic lysates. Equal loading was confirmed by
probing for β-actin.
B) Overexpression of GFP-RHAMM after 24 hours of doxycycline induction significantly
increased the incidence of aberrant mitotic spindles, such as multipolar spindle, unfocused and
disorganized spindle. Spindle morphology was visualized by TUBB staining. (mean ± s.d., n= 4,
>80 cells/treatment, *P< 0.05, t-test).
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5.2.2

Overexpression of GFP-RHAMM results in aberrant division kinetics

I noted elevated levels of endogenous RHAMM expression after 24 hours of doxycycline
induction, which likely reflects an associated delay in mitotic progression within the population
of induced cells. In support of this hypothesis, I observed a similar increase in the levels of
endogenous RHAMM in nocodazole treated cultures (Fig. 5.1A). To investigate whether GFPRHAMM over-expression may also affect proper mitotic progression, I performed time-lapsed
image analysis on living cells (Fig. 5.2A). HeLa cells were treated with doxycycline or DMSO
for 24 hours, and then a Hoechst stain was added to visualize DNA. Interestingly, I found that
GFP-RHAMM overexpression did not affect spindle assembly kinetics (prophase to metaphase),
but significantly augmented the time needed to complete the spindle checkpoint (metaphase to
anaphase) and the overall duration of mitosis (Fig.5.2B).
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Figure 5.2 Overexpression of GFP-RHAMM results in aberrant mitosis kinetics
A) HeLa cells were treated with doxycycline for 24 hours to induce GFP-RHAMM
overexpression, or with DMSO-vehicle control, and then labelled with Hoechst to visualize
DNA, and followed by time-lapse microscopy as they transited through cell division. Scale bars=
10 μm.
B) The time needed for cells treated with doxycycline, or DMSO treated control cells, to transit
from prophase to metaphase (spindle assembly duration), metaphase to anaphase (spindle
checkpoint kinetics), or prophase to telophase (mitosis duration) is plotted. Cells that arrested at
particular stage of mitosis were plotted at 0 minutes and were not included in the quantification
of mitosis duration. (mean ± s.d., 30 cells/treatment, n= 6, *P< 0.05, t-test).
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5.2.3

GFP-RHAMM overexpression does not alter TPX2 and pAurora A localization or

microtubule regrowth in HeLa cells

Live-cell image analysis suggested spindle assembly kinetics may not be affected by
GFP-RHAMM overexpression. I used a microtubule regrowth assay to examine whether Aurora
A-TPX2 mediated microtubule nucleation may be affected in cells expressing GFP-RHAMM
(Fig. 5.3A). Comparison between DMSO-treated and doxycycline-treated cells revealed no
difference in mitotic microtubule regrowth following release from nocodazole treatment.
Moreover, microtubule regrowth asters stained positive for TPX2 and pAurora A, and were
similar in size and abundance (Fig. 5.3A).
I localized TPX2 and pAurora A by immunofluorescence in non-synchronized mitotic
HeLa cells after induction (Fig. 5.3B). In the doxycycline- induced cells, the spindles appear
disorganized and compressed, which may indicate an imbalance in motor forces. However, the
induced expression of GFP-RHAMM did not alter the localization of TPX2 along mitotic
microtubules or the localization of pAurora A at the spindle poles (Fig. 5.3B).
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Figure 5.3 Overexpression of GFP-RHAMM does not alter TPX2 and pAurora A
localization or microtubule regrowth in HeLa cells
A) Inducible GFP-RHAMM HeLa cells, pretreated with DMSO or doxycycline for 24 hours,
were treated with nocodazole to depolymerize mitotic microtubules, released into fresh media to
enable microtubule regrowth for six minutes, fixed and stained for TPX2 and pAurora A
localization. Scale bars= 10 μm.
B) Asynchronously growing inducible GFP-RHAMM HeLa cells, pretreated with DMSO or
doxycycline for 24 hours, were stained for TPX2 or pAurora A and beta-tubulin (TUBB) to
locate the mitotic spindle. Scale bars= 10 μm.
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5.2.4

Overexpression of GFP-RHAMM affects metaphase spindle positioning

When examining TPX2 and pAurora A localization in GFP-RHAMM expressing cells, I
noted that many spindles were not centered, similar to a spindle positioning defect noted in
RHAMM-silenced cells (Dunsch et al., 2012)(Fig. 4.3 and 4.4). To measure this effect, I
analyzed spindle position and orientation during metaphase. After 24 hours of doxycycline
induction, a substantial fraction of mitotic cells overexpressing GFP-RHAMM displayed
off-center spindles (Fig. 5.4).
GFP-RHAMM expression in HeLa cells resulted in compressed, mis-positioned mitotic
spindles and delayed mitotic progression to anaphase. Spindle assembly kinetics and
TPX2-Aurora A mediated microtubule spindle nucleation remained unaffected. Thus, GFPRHAMM expression may disrupt motor protein mediated spindle organization rather than
mitotic spindle assembly.
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Figure 5.4 Proportion of cells with off-center spindles are significantly increased with
GFP-RHAMM overexpression.
Asynchronously growing HeLa cells, pretreated with DMSO or doxycycline for 24 hours, were
stained for TUBB to locate the mitotic spindle in dividing cells. Red dotted circle indicates
periphery of the cell. Mean ± s.d. is plotted for 75 cells/treatment. (n= 3, *P< 0.05, t-test).
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5.2.5

Chromosome translocation of the HMMR locus results in RHAMM overexpression

in human fibroblast cells

A patient with a mosaic variegated aneuploidy-like phenotype, most commonly
associated with mutations in the spindle checkpoint gene product BubR1 (Bohers et al., 2008;
Hanks et al., 2006; Jacquemont et al., 2002; Matsuura et al., 2006; Suijkerbuijk et al., 2010),
presented in Texas with a translocation between human chromosomes 5q33 and 12q24
(t(5;12)(q33.3;q24.31, personal communication to Dr. Maxwell). Unfortunately, tissue samples
were not available from the patient. Since the translocation occurred proximal to the
HMMR/RHAMM locus, 5q33.2-qter (Spicer et al., 1995), I hypothesized that a similar
translocation may alter the abundance of RHAMM, thus producing a MVA-like phenotype by
delaying chromosome segregation and, potentially, inducing cohesion fatigue. To investigate this
hypothesis, I obtained, from the Coriell Biorepository, two untransformed fibroblast cell lines
each with a t(5;12)(q33.3;q24.31): GM01536 (CC36) and GM01535 (CC35). CC36 was sampled
from a 38 year old female, while CC35 was sampled from her daughter at 16 years of age. We
also purchased from the ATCC (American Type Cell Collection) a control, untransformed
fibroblast cell line with a normal diploid karyotype obtained from a newborn male, termed BJ
CRL-2522 (BJ).
Karyotype analyses by The Coriell Biorepository showed that the CC36 cell line contains
a balanced translocation with two breakpoints at 12q24 and 5q33. The CC36 cell line contains
two copies of the 5q33 region and two copies of the 12q24 region. The CC35 cell line, however,
contains a translocation with two derivative aneuploid segments at (-)12q24>12qter and
(+)5q33>5qter. That is, the CC35 cell line contains three copies of the 5q33 region and a single
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copy of the 12q24 region. Specifically, the amplified region of 5q33.3 is 161 Mb – 180.6 Mb,
which contains the full HMMR gene (162.8 Mb – 162.9 Mb), while the deleted region of
12q24.33 (131.3 Mb – 132.3 Mb) contains the full Ran gene (131.35 Mb- 131.36 Mb).
To screen for genomic changes in the HMMR locus, I isolated DNA from the fibroblast
cell lines and used three sets of primers (designed to recognize various intron-exon boundaries of
the HMMR gene) to determine the copy-number of the HMMR gene (Fig. 5.5A). The relative
expression of genomic DNA was normalized to levels identified in the diploid BJ fibroblast cell
line. The copy number of the housekeeping gene, TBP, showed no difference between the three
fibroblast cell lines and, therefore, these values were included as part of the delta-delta Ct
analysis. Using these analysis parameters, an average 1.67 fold increase in HMMR gene dosage
in CC35 relative to CC36 cells was revealed. I observed a similar fold increase in the abundance
of RHAMM protein as determined through Western blot analysis of lysates of nocodazolesynchronized mitotic cells (Fig. 5.5B). However, the localization of RHAMM to the mitotic
spindle and spindle pole was unchanged in the CC35 cells (Fig. 5.5C).
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Figure 5.5 RHAMM overexpression by chromosome translocation in human fibroblast
cells
A) Quantitative PCR indicated copy numbers of the HMMR gene from IN genomic DNA
extracted from Coriell fibroblast cells and normalized to levels obtained in diploid BJ fibroblasts.
3 sets of primers designed to recognize various intron-exon boundaries of the HMMR gene
(mean ± s.d., n= 4)
B) Fibroblast cells were synchronized to mitosis by nocodazole, and RHAMM expression was
measured by quantitative Western blot analysis. Protein bands were visualized by Licor imaging
using IR fluorophore tagged secondary antibodies. Equal loading was confirmed with β-actin.
Expression fold differences were first normalized to actin levels, then normalized to expression
of RHAMM in BJ population. (mean ± s.d., n= 3)
C) Localization of RHAMM to spindle poles (indicated by TUBG1) and mitotic microtubules
(indicated by TUBB) in asynchronous fibroblast cells. Scale bars= 10 μm.
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5.2.6

Aberrant spindle figures are significantly increased in CC35 cells (+ RHAMM).

I quantified the proportion of cells displaying mitotic spindle defects, including abnormal
bipolar spindles, multipolar spindles or anaphase segregation defects (Fig. 5.6A). The proportion
of cells with aberrant spindle figures were significantly higher in CC35 cells compared to BJ
cells, however, a comparison between CC35 and CC36 cells failed to produce any statistical
difference. I then used time-lapse microscopy to analyze the mitotic kinetics of the different
fibroblast populations (Fig. 5.6B). Mitosis duration was similar between the BJ cells and the
CC36 cells, and I noted a slight delay in the completion of mitosis in the CC35 cell, though these
changes were not statistically significant.
Untransformed human CC35 fibroblast cells containing a chromosome translocation that
increases HMMR copy number served as an alternative model to study gain of RHAMM
function. In CC35 cells, the localization of RHAMM is not affected but a significant increase in
the frequency of aberrant mitotic spindles was noted although the kinetics of cell division were
not significantly affected.
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Figure 5.6 RHAMM overexpression results in aberrant spindle figures in human fibroblast
cells
A) Quantification of abnormal bipolar spindles, multipolar spindles or anaphase segregation
defects in fibroblast cells. Spindle morphology was visualized by TUBB staining. (mean ± s.d.,
n= 3, >120 cells/treatment, *P< 0.05, ANOVA)
B) Fibroblast cells were labelled with Hoechst to visualize DNA and followed through mitosis
by time-lapse microscopy. The time needed to complete mitosis in the different fibroblast
populations. (mean ± s.d., >15 cells/treatment, n= 4, *P< 0.05, ANOVA).
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5.3

1.

Key findings

Overexpression of GFP-RHAMM during mitosis results in aberrant mitotic spindle
architecture, mispositioned bipolar spindles and delayed cell division kinetics.

2.

Increased gene dose of HMMR in CC35 cells correlates with abnormal spindle structure.

3.

Augmented RHAMM expression, whether exogenous expression of GFP-RHAMM or
trisomy of the endogenous HMMR locus, disrupts mitotic outcomes in various cell model
systems.

5.4

Discussion

Previous studies performed in Xenopus oocytes revealed contradictory findings regarding
the necessity of RHAMM in targeting TPX2 to spindle poles and establishing a functional
bipolar spindle (Groen et al., 2004; Joukov et al., 2006). The depletion of XRHAMM from egg
extracts significantly inhibited both the abundance and size of microtubule asters, as well as
reduced TPX2 localization at spindle poles (Groen et al., 2004). Joukov et al observed similar
results by silencing the E3 ubiquitin ligase, tumor-suppressor complex, BRCA1-BARD1, which
stabilizes and augments the levels of XRHAMM (Joukov et al., 2006). From this study, it was
concluded that BRCA1-BARD1 contributed to anastral assembly in Xenopus cells by
downregulating XRHAMM in mitosis, which is necessary for proper TPX2 localization (Joukov
et al., 2006). Moreover, Joukov et al postulated that loss of BRCA1 may alter Aurora A activity
downstream. Experiments performed in Chapter 3 and Chapter 4 utilize siRNA to silence
endogenous RHAMM expression, and as a result, mitotic spindle structure and Aurora A activity
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are negatively impacted, similar to the initial study performed in Xenopus cells (Groen et al.,
2004).
In order to test the hypothesis that excess RHAMM may also have detrimental effects on
mitotic spindle assembly and TPX2 localization, I first used HeLa cells with tetracyclineinducible expression of GFP-RHAMM. I observed that overexpression of GFP-RHAMM affects
spindle architecture and metaphase spindle positioning. However, I did not observe alterations to
TPX2 and Aurora A location as previously reported (Joukov et al., 2006). These findings suggest
that excess GFP-RHAMM may not impede spindle microtubule nucleation but may negatively
affect spindle organization. In line with these observations in fixed cells, time-lapse microscopy
revealed a delay in spindle checkpoint completion with overexpression of GFP-RHAMM, during
which spindle orientation is established. Indeed, other findings have demonstrated transient
overexpression of GFP-RHAMM inhibits mitotic progression and affects spindle architecture in
HeLa and 8226 cells (Maxwell et al., 2003).
As previously mentioned, the term spindle assembly encompasses both spindle
microtubule nucleation and organization, which can be distinguished by performing a
microtubule regrowth assay after depolymerizing by nocodazole. I examined TPX2 location
along an intact spindle and during the recovery stage of a microtubule regrowth assay.
Overexpression of GFP-RHAMM did not affect TPX2 localization in either scenarios: TPX2 is
present at various microtubule nucleation sites, centrosomal and non-centrosomal, and TPX2
remained localized throughout the entire length of the intact metaphase spindle, despite gross
defects in spindle morphology. Correspondingly, pAurora A localization mirrored that of TPX2
in both types of spindle.
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HeLa cells with tetracycline-inducible expression of GFP-RHAMM allow the titration of
GFP-RHAMM overexpression in the context of an aneuploid genome. The aforementioned MEF
cells (refer to section 3.2.12) allow the study of wildtype and heterozygous gene dose responses.
To complement these model systems, I utilized two untransformed human fibroblast cells, one of
which harbored an unbalanced chromosome translocation of the HMMR locus and elevated
expression of RHAMM at both mRNA and protein levels. Subsequent fixed and live cell mitosis
analysis revealed delayed mitotic progression and aberrant spindle architecture in the fibroblast
cell line with RHAMM overexpression similar to my findings observed in HeLa cells.
The studies in Chapters 3 and 4 focused on loss of function phenotypes observed after
endogenous RHAMM depletion, while the studies presented in this chapter demonstrated the
effects of RHAMM overexpression using various systems. Experiments performed after
RHAMM silencing provide mechanistic insights into protein functions and interactions, while
systems with RHAMM overexpression provide relevance to cancers described with elevated
RHAMM expression (reviewed in Section 1.6.4). Aberrant mitosis structure and kinetics were
observed with both depletion of endogenous RHAMM and RHAMM overexpression, which
suggests that precise level of RHAMM expression is required for mitotic progression and
genome stability.
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Chapter 6: Discussion and conclusions

6.1

Summary and working models
The purpose of this study was to better understand the construction and organization of

mitotic spindle microtubules into a functional structure that facilitates the faithful segregation of
chromosomes during mitosis. My investigation is focused on the function of a novel mitotic
regulator: the receptor for hyaluronan-mediated motility, RHAMM. Previously, RHAMM was
thought to be an extracellular receptor for hyaluronan, a glycosaminoglycan, that promotes cell
motility (Turley et al., 1987). However, the product of the full length HMMR gene was shown to
be a cytoskeletal protein (Assmann et al., 1999, 1998; Hofmann et al., 1998) that stabilizes the
spindle (Maxwell et al., 2005, 2003) and promotes anastral spindle assembly through the RanGTP pathway (Groen et al., 2004; Joukov et al., 2006; Sharp et al., 2011).
This study demonstrates that RHAMM contributes to both structural and biochemical
signaling pathways that ensure bipolar spindle assembly and mitotic progression. Specifically,
findings in Chapter 3 show RHAMM targets TPX2 to both centrosome and non-centrosome
sites for spindle assembly, where TPX2 promotes localized microtubule nucleation via activation
of Aurora kinase A (Fig. 6.1). Using fixed and live cell assays, I show that RHAMM silencing
delays the kinetics of spindle assembly, mislocalizes TPX2, reduces TPX2 stability and
attenuates activation of Aurora kinase A. Consequently, the length of the mitotic spindle is
reduced in RHAMM-silenced cells. Domain analyses uncovered that the RHAMM–TPX2
complex requires the C-terminal bZip motif in RHAMM and a domain that includes the nuclear
localization signal in TPX2. Analysis of kinetic assays revealed a mitotic delay during spindle
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checkpoint completion in RHAMM-silenced cells, which prompted a subsequent study
investigating the functions of RHAMM during chromosome alignment and segregation.

A
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Figure 6.1 Spatial regulation of Aurora A activity during mitotic spindle assembly requires
RHAMM to correctly localize TPX2
During prometaphase, in control-treated cells, RHAMM is located to sites of microtubule
assembly at centrosomes and non-centrosome sites near kinetochores. For K-fiber assembly, (1)
RHAMM targets TPX2 to spindle assembly sites near kinetochores, (2) where TPX2 promotes
localized activation of Aurora kinase A, after which (3) the active kinase promotes spindle
microtubule polymerization from tubulin dimers. In RHAMM-silenced cells, TPX2 is no longer
targeted to K-fiber assembly sites and local Aurora A activation and microtubule nucleation are
severely attenuated. Moreover, an interaction between RHAMM and TPX2 protects TPX2 and
Aurora from ubiquitin-mediated proteasome degradation. Note, Aurora-TPX2 complex mediated
microtubule nucleation at centrosomes is still present in RHAMM-silenced cells.
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In Chapter 4, I show that RHAMM regulates the TPX2-Eg5 complex to balance motor
forces necessary for chromosome attachment and segregation during the metaphase to anaphase
progression. Silencing RHAMM induces aberrant spindle structures and erroneous chromosome
segregation, and delays mitosis kinetics. At the molecular level, the formation of an inhibitory
complex between TPX2 and Eg5 was severely reduced at spindle poles in these cells (Fig. 6.2).
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Figure 6.2 RHAMM balances motor forces needed to complete the spindle assembly
checkpoint
During metaphase, in control-treated cells, RHAMM targets TPX2 to the spindle pole, where
Eg5 activity is inhibited by an interaction with TPX2 to establish a force balance with the
opposing motor dynein. Force balance along the mitotic spindle results in focused spindle poles,
bipolar attachment of all chromosomes and completion of the spindle assembly checkpoint. In
RHAMM-silenced cells, TPX2 is absent from the spindle poles, resulting in excess Eg5mediated outward forces due to reduced formation of the inhibitory TPX2-Eg5 complex. Excess
outward force along the mitotic spindle results in unfocused spindle poles, unattached
chromosomes and delayed completion of the spindle assembly checkpoint. Note, the inhibitory
TPX2-Eg5 complex is still formed along the half-spindle (between cell equator and spindle
poles) in RHAMM-silenced cells.
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Chapter 3 and Chapter 4 highlight that RHAMM regulates two distinct aspects of TPX2
function: 1) activating the mitotic kinase Aurora A during microtubule nucleation; and 2)
regulating the kinesin motor Eg5 during metaphase spindle organization. In Chapter 5, I use
various RHAMM overexpression model systems to address discrepancies observed in the
literature, where both depletion of XRHAMM as well as accumulation of XRHAMM, through
the loss of BRCA1, disrupted TPX2 localization and spindle architecture (Groen et al., 2004;
Joukov et al., 2006). I show that augmenting RHAMM expression through genetic alterations or
exogenous expression of GFP-RHAMM has detrimental effects on mitosis success in various
animal and cell model systems, without associated evidence for mislocalization of TPX2 or the
alteration of Aurora kinase (p-Aurora) activity.
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6.2

RHAMM regulation of TPX2-Aurora A activity is cell-type and context dependent

Microtubule nucleation near kinetochores is essential for the construction of a functional
bipolar spindle in cells with and without centrosomes. I found that microtubule nucleation at
non-centrosome sites was significantly delayed but not eliminated in RHAMM-silenced cells.
Thus, RHAMM is not essential for K-fiber assembly but enhances this process through Aurora
A-TPX2 activation at these sites. Indeed, findings by Groen et al show that the addition of excess
TPX2 (~4X the endogenous concentration) to XRHAMM depleted cells was able to rescue
microtubule assembly defects (Groen et al., 2004). Groen et al concluded that RHAMM
enhances the activity of TPX2 to promote Ran-GTP dependent microtubule nucleation, making
spindle assembly more efficient in Xenopus systems (Groen et al., 2004). Immunoprecipitation
experiments have revealed TPX2 interacts directly and indirectly with other motor and nonmotor proteins that regulates mitotic spindle assembly (Wadsworth, 2015).
My findings, along with others (Groen et al., 2004; Scrofani et al., 2015), demonstrate
that RHAMM plays a positive role in the correct location of TPX2 and the activation of Aurora
A during spindle assembly, thus resolving previous findings in Xenopus systems (Groen et al.,
2004; Joukov et al., 2006). However, I cannot discount the possibility that RHAMM may
negatively regulate TPX2-Aurora A complex formation in other cell types during other cellular
processes. For example, in interphase MCF10A cells, silencing RHAMM changes TPX2 location
and leads to the accumulation of TPX2 at the nuclear envelope and in the cytoplasm (Maxwell et
al., 2011). Consistent with this finding, I showed the minimal necessary binding domain for
RHAMM (aa 40-319 in TPX2) overlaps with a primary nuclear localization signal and contains
the motif recognized by importin-α for the nuclear import. Thus, RHAMM may regulate TPX2
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shuttling between the nucleus and cytoplasm and, in doing so, alter TPX2-Aurora complex
formation. In MPNST (malignant peripheral nerve sheath tumor) cells known to harbor genetic
amplification of HMMR, silencing RHAMM by RNAi augmented Aurora A activity (Mohan et
al., 2013). Thus, the elevated expression of RHAMM that resulted from genomic amplification
was proposed to act as a molecular brake for Aurora A under these conditions (Mohan et al.,
2013). Similarly, Aurora A activity is elevated in RHAMM+/- mouse embryonic stem cells
relative to the wildtype counterparts (Jiang et al., 2013), which implies a negative regulatory role
for RHAMM on kinase activity. These cells, with hemizygous mutation of Hmmr/RHAMM,
undergo ectopic differentiation that can be reversed by small molecule inhibitors against Aurora
A, as well as ERK1/2 (Jiang et al., 2013), suggesting, again, augmented kinase activity.
Complicating these analyses is the fact that the abundance of RHAMM (and TPX2, and Aurora
A) and kinase activity is strongly cell cycle regulated. Consequently, experimental manipulations
that modulate cell cycle progression in a population of cells will indirectly affect protein
abundance and kinase activities. It is for this reason that I quantified protein abundance and
kinase activities in synchronized cell populations.
Lastly, the apparent discrepant responses to RHAMM overexpression between
mammalian cells and Xenopus cells may be due to the fact that the non-centrosome spindle
assembly pathway contributes to the overall spindle assembly process differently within the two
systems. Specifically, Ran-GTP mediated K-fiber assembly is the predominant source of spindle
microtubule nucleation in unfertilized Xenopus oocytes due to the lack of centrosomes. However,
when sperm nuclei (containing centrosomes) are added to the egg extracts, the newly added
centrosomes become the predominant site for microtubule nucleation (Heald et al., 1997; Sawin
and Mitchison, 1991). This shows that there is a hierarchy of preference for different spindle
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assembly pathways. Moreover, unlike cultured mammalian cells, chromosomes in Xenopus egg
extracts are not enclosed in a nuclear membrane. Thus, TPX2 (normally nuclear) may be more
accessible to XRHAMM and Aurora A, which are both located in the cytosol. This spatial
separation may explain why my observations show microtubule nucleation at non-centrosome
sites in cultured mammalian cells is only apparent during a microtubule regrowth assay, during
which the nuclear envelope is absent. With these considerations in mind, a negative regulatory
role for RHAMM on TPX2 location and Aurora A activity may be more apparent during spindle
assembly in Xenopus extracts than it is during spindle assembly in human cells.
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6.3

RHAMM regulates motor protein balance via TPX2

Mitosis is deemed successful when two genetically identical daughter cells are formed at
the end of telophase. The spindle checkpoint is the safety mechanism that ensures faithful
chromosome segregation during mitosis. The spindle checkpoint monitors structural cues on
kinetochores, and elicits a cell-wide biochemical signaling cascade. A majority of the studies that
examine the spindle checkpoint are focused on the various biochemical or structural pathways
that occur at the kinetochores, such as Aurora B sensing attachment state (Ems-McClung et al.,
2013; Fuller et al., 2008; Liu et al., 2012) or prevention of anaphase onset by the checkpoint
complex (Fang, 2002; Ma and Poon, 2016; Sudakin et al., 2001). However, chromosome
attachment is a cell-wide event during which the organization of spindle poles near the cell
cortex dictates attachments at kinetochores at the cell equator. Less is known about how motor
proteins that determine spindle dynamics contribute to the spindle checkpoint signal.
Forces along the spindle microtubules are carefully balanced: outward-directed forces
mediated by Eg5 are antagonized by inward-directed forces exerted by dynein. My results
indicate a net gain of outward force in RHAMM-silenced cells due to hyperactive Eg5 activity.
Consistently, I was able to rescue RHAMM depletion phenotypes by chemical inhibition of Eg5
motor activity. Outward forces on the spindle are generated by two motors, Eg5 and Kif15.
Kif15 is not essential for bipolar spindle assembly but its over-expression is able to rescue Eg5
inhibition (Tanenbaum et al., 2009; Vanneste et al., 2009). Structurally, RHAMM and Kif15
share a C-terminal bZip motif through which both proteins interact with TPX2. Thus, it is
possible that RHAMM competes with Kif15 for binding to TPX2; however, I did not observe
evidence supporting augmented Kif15-TPX2 interaction in the absence of RHAMM. Moreover,
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the metaphase delay induced in RHAMM-silenced cells was not alleviated through co-depletion
of Kif15. As Kif15 plays a minor role in the generation of outward force and is essential only in
the absence of Eg5 (Tanenbaum et al., 2009; van Heesbeen et al., 2014), it is not surprising that
Kif15 depletion was insufficient to restore force balance in RHAMM-silenced cells. While my
results indicate a net gain of outward force in RHAMM-silenced cells, I cannot exclude the
possibility that dynein-dependent inward forces are also reduced. Speaking against this
hypothesis, however, I did not observe changes to the abundance of checkpoint complexes at the
kinetochore, which would be expected to be augmented in an environment with reduced dyneindependent stripping activity (Howell et al., 2001; Wojcik et al., 2001).
TPX2 was named for its action in targeting Kif15 to spindle poles (Wittmann et al.,
1998). In RHAMM-silenced cells, the abundance of TPX2 was reduced, TPX2 localization was
altered and yet the localization of Kif15 at unfocussed spindle poles was retained. The exact
mechanism that targets and retains Kif15, a plus end directed motor, at centrosomes (microtubule
minus ends) remains elusive but it is known to depend on poleward transport by dynein
(Wittmann et al., 1998). In RHAMM-silenced cells, the reduced levels of TPX2 are sufficient for
Kif15 localization to spindle poles but, as these were immunofluorescence studies of fixed cells,
we do not know whether the kinetics of transport to, or retention at, spindle poles was altered.
From my findings, I speculate: 1) TPX2 may promote dynein-dependent transport of Kif15 to
spindle poles initially, but is not required for Kif15 retention subsequently; or, 2) TPX2 is
involved in both the targeting and retention of Kif15 at spindle poles, and the reduced amount of
spindle pole localized TPX2 present in RHAMM-silenced cells is sufficient for the retention of
the kinesin at the poles. Further investigations are needed to answer these questions.
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6.4

RHAMM balances forces needed for chromosome attachment at kinetochores

The spindle checkpoint signal is turned off when all chromosomes reach bipolar
attachment orientation at their kinetochores. Here, I find in RHAMM-silenced cells a reduction
in both stable Kt-MT attachments and TPX2-Eg5 complexes, which are known to promote
functional K-fibers by organizing the microtubules nucleated near kinetochores (Ma et al., 2011).
Attachment of K-fiber microtubules relies on the KMN (KNL1-Mis12-NDC80) network, as
previously mentioned (section 1.3.1) (Cheeseman and Desai, 2008; Joglekar et al., 2010).
Specifically, the NDC80 complex directly interacts with K-fibers (Alushin et al., 2010; Ciferri et
al., 2008; Tooley et al., 2011). The elongated dumbbell-like shape of the NDC80 complex allows
the protein complex sufficient flexibility to “search” for nearby microtubules (Alushin et al.,
2010; Ciferri et al., 2008; Wang et al., 2008). Intuitively, in order for kinetochores to be
successfully coupled to microtubule spindles during the “search” process, there must be a
sufficient number of spindle fibers nearby to allow initial contact between NDC80 and
microtubules. Thus, in RHAMM-silenced cells, if the number of stable K-fibers is reduced due
to lower TPX2-Eg5 complexes, the probability of NDC80 complex coupling a nearby K-fiber
will be reduced and the checkpoint will be delayed. Alternatively, RHAMM may be directly
involved in stabilizing Kt-MT attachments via the NDC80 complex, which is suggested by a
potential interaction between RHAMM and NDC80 identified in an IP/MS screen (Neumann et
al., 2010). Though this interaction has not been confirmed, it does suggest an additional role for
RHAMM at kinetochores during later stages of chromosome alignment.
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6.5

RHAMM and hereditary cancers

My findings indicate an essential role for RHAMM, and the requirement for its tight
regulation, during cell division. Given these findings, it is not surprising that alterations in
RHAMM expression have been associated with rare, hereditary diseases and tumor
predisposition syndromes.

6.5.1

Neurofibromatosis associated malignant peripheral nerve sheath tumors

Neurofibromatosis type I is an autosomal dominant cancer predisposition syndrome that
causes the formation of benign dermal and plexiform tumors known as malignant peripheral
nerve sheath tumors (MPNST) (Jett and Friedman, 2010). MPNSTs are aggressive malignancies
that lack effective treatment with high rates of recurrence (Friedman, 1999; Jett and Friedman,
2010). Recently, two independent studies have demonstrated Aurora kinase inhibition is a
promising target for MPNST therapy (Mohan et al., 2013; Patel et al., 2012). Specifically,
Mohan et al demonstrated that the sensitivity of MPNST cell lines with genomic amplification of
Aurora A depends upon kinase activity, which correlated with the expression of TPX2 and
RHAMM (Mohan et al., 2013). In this study, a cell line with genomic amplification of
HMMR/RHAMM was less sensitive to kinase inhibition, suggesting RHAMM acts as a
molecular brake on kinase activity (Mohan et al., 2013). Silencing RHAMM, but not TPX2,
sensitized these MPNST cells to an Aurora A inhibitor (Mohan et al., 2013).
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6.5.2

Hereditary breast cancer associated with BRCA1 mutations

HMMR/RHAMM is a breast cancer susceptibility gene, and different haplotypes that
either elevate or reduce germline expression associate with an increased risk to develop breast
cancer in Ashkenazi Jewish populations and in carriers of germline BRCA1 mutations (Maxwell
et al., 2011; Pujana et al., 2007). RHAMM is a substrate for BRCA1-BARD1–mediated
polyubiquitination, and its proteolysis through this pathway controls centrosome numbers in
breast tumor– and mammary epithelium–derived cell lines (Pujana et al., 2007). The regulation
of centrosome number is vital to the maintenance of genome stability during mitosis, and
increased centrosome numbers are intimately associated with tumorigenesis (Nigg, 2002).
Maxwell et al demonstrated that the RHAMM-BRCA1 axis regulates apicobasal polarization of
mammary epithelial cells (Maxwell et al., 2011). Specifically, apicobasal polarity requires
reorganization of microtubules and centrosomes, and this is facilitated by the BRCA1-BARD1
complex and antagonized by the Aurora A-TPX2 complex (Maxwell et al., 2011). Dysregulation
of this pathway may explain the expansion of primitive mammary cell subtypes in BRCA1
mutation carriers (Lim et al., 2009; Proia et al., 2011). Lastly, I have shown RHAMM is needed
to promote genome stability through the regulation of the spindle checkpoint. Thus, the control
of the spindle checkpoint, along with the regulation of centrosome number and apical basal
polarity, may be pathways through which RHAMM and BRCA1 interact to prevent mammary
tumorigenesis.
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6.5.3

Mosaic Variegated Aneuploidy (MVA)

MVA is an autosomal recessive disorder characterized by constitutional mosaic
aneuploidies as a result of premature chromatid separation (Bohers et al., 2008; Hanks et al.,
2004; Hanks and Rahman, 2005; Kajii et al., 2001; Kawame et al., 1999; Limwongse et al.,
1999; Suijkerbuijk et al., 2010). MVA patients display a variety of trisomies and monosomies of
different chromosomes with a proportion of aneuploid cells usually more than 25% (Hanks et al.,
2004). 37% of MVA patients develop cancers, such as rhabdomyosarcoma, Wilms' tumor, and
leukemia, within the first 3 years of life (Hanks and Rahman, 2005). In addition, individuals with
MVA display a variety of developmental defects such as microcephaly, growth and mental
retardation (Bohers et al., 2008; Hanks et al., 2004; Hanks and Rahman, 2005; Kajii et al., 2001;
Kawame et al., 1999; Limwongse et al., 1999; Suijkerbuijk et al., 2010). Damaging mutations in
an essential spindle checkpoint gene, BubR1, were identified to be causal for MVA (Bohers et
al., 2008; Hanks et al., 2004; Hanks and Rahman, 2005; Kajii et al., 2001; Kawame et al., 1999;
Limwongse et al., 1999; Suijkerbuijk et al., 2010). These mutations reduce the spindle
checkpoint response and allow premature chromatid separation during mitosis (Bohers et al.,
2008; Hanks et al., 2004; Hanks and Rahman, 2005; Kajii et al., 2001; Kawame et al., 1999;
Limwongse et al., 1999; Suijkerbuijk et al., 2010). Recently, mutations in another mitotic
protein, Cep57 (centrosome protein of 57kDa) have been suggested to cause MVA (Pinson et al.,
2014; Snape et al., 2011). Cep57 is a structural protein of the mitotic spindle and promotes
microtubule attachment to the centrosome (Pinson et al., 2014; Snape et al., 2011).
In Texas, a phenotypically normal female carrier of a t(5;12)(q33.3;q24.31) translocation
carrying a female fetus with the same translocation was identified; routine analysis of 50
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metaphases revealed 6 metaphases with distinct trisomies (extra copy of chromosome 2, 4, 7, 8,
22 and X, respectively) (personal communication to Dr. Maxwell). Samples were not available
and so I obtained fibroblast cell lines with a similar chromosomal translocation. My analysis of
one of these lines, which expressed elevated levels of RHAMM, revealed aberrant mitotic
spindle figures and kinetics (section 5.2.5-5.2.6). Moreover, I observed that a subset of
RHAMM-silenced cells underwent cohesion fatigue following a sustained checkpoint response
(section 4.2.14). Cohesion fatigue may cause chromosome imbalances due to premature
segregation of one or a few chromatids. Together, the findings of my thesis suggest that
alterations in the expression of RHAMM may destabilize cell division and, through a prolonged
spindle checkpoint, induce genome instability. In my studies of primary fibroblasts, it did not
appear that elevated expression of RHAMM was sufficient to cause mosaic aneuploidies. But it
is possible that, consistent with its modification of breast cancer risk, variation and/or mutation
in HMMR/RHAMM may modify the incidence or severity of MVA associated with mutations in
BubR1 or Cep57. Currently, there are no published findings linking RHAMM to MVA but a
detailed investigation is warranted.
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6.6

Significance of study

Genome instability refers to increased alterations in the genome during the life cycle of a
cell, which ranges from mutations in a specific gene to large-scale structural and numerical
alterations of chromosomes. It is a major driving force for malignancy. The mitotic spindle is a
cellular superstructure that controls division of the duplicated genome, and the spindle
checkpoint is a critical tumor-suppressor mechanism. The results from my studies indicate that
RHAMM contributes to both structural and biochemical signaling pathways that ensure bipolar
spindle assembly and spindle checkpoint completion.
Aurora A kinase is the major regulator of mitotic spindle assembly (Barr and Gergely,
2007), and is frequently amplified in various cancers (Fraizer et al., 2004; Gritsko et al., 2003;
Kamada et al., 2004; Sakakura et al., 2001; Sen et al., 2002; Tanaka et al., 1999), thus making it
an attractive target in chemotherapy (Keen and Taylor, 2004; Kollareddy et al., 2012). Here, I
provide new understanding of the regulation and activity of Aurora A by showing that RHAMM
acts as a positive regulator for kinase activity through the targeting of its co-activator, TPX2.
While building a functional bipolar spindle is critical for maintaining genome stability, the
spindle checkpoint provides an additional safeguard that protects genome integrity by detecting
and responding to errors in chromosome attachment. Here, I identify RHAMM as a new
regulator for motor protein force and I show that RHAMM-mediated spindle organization is vital
for correct chromosome attachment and segregation, and the disruption of this process, as
induced by silencing RHAMM, delays mitotic exit and results in progeny cells with unstable
genomes.
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6.7

6.7.1

Caveats in study

Limitations in cell line models

The majority of the studies outlined in this thesis were carried out using HeLa cells as the
model cell line. HeLa cells have predictable doubling times and are advantageous for studying
mitotic processes due to their robust nature in tolerating various experimental manipulations.
However, HeLa cells display extensive genomic and transcriptomic rearrangements, including
hypertriploid chromosomes (Landry et al., 2013; Macville et al., 1999). Moreover, HeLa cells
are p53 null (Berglind et al., 2016), which can affect Aurora kinase A activity and mitotic
outcomes. Previous reports demonstrate p53 interacts with Aurora A and suppresses its
oncogenic activity (Chen et al., 2002), while apoptosis is significantly suppressed with p53
deletion (Zhang et al., 2004). To overcome these limitations, I performed some of the
experiments in parallel using other cell lines or primary human or mouse fibroblast cells.
The aim for my studies in Chapter 3 was to understand how K-fiber nucleation occurs
using a mammalian somatic system, which relies on mitotic spindle assembly at both noncentrosome and centrosome sites. In HeLa cells, the assembly of mitotic microtubules near
chromosomes is often difficult to visualize. To overcome this, I utilized a microtubule regrowth
assay to monitor the spindle assembly process at multiple sites through time. With this assay,
which can be performed in mammalian cells, the nuclear envelope has broken down, which
allows the study of microtubule nucleation near the chromosomes.
Previous investigations of the role for Xenopus RHAMM in these processes were
performed using Xenopus oocyte extracts (Groen et al., 2004; Joukov et al., 2006; Scrofani et al.,
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2015), the immature egg cells of Xenopus laevis. This system also has its limitations: for
example, these extracts lack centrosomes, thus isolating non-centrosome spindle assembly near
chromosomes; these extracts contain excess protein, and are not representative of appropriate
protein abundance as regulated in mammalian cells; and, 3) oocyte extracts contain a mixture of
cytosolic and nuclear proteins, which are normally compartmentalized until prometaphase in
mammalian cells. This lack of separation of protein fractions can potentially skew important
regulation pathways involving protein translocation. In the specific case of my finding that
RHAMM promotes microtubule assembly at non-centrosome sites through TPX2 localization
and Aurora A activation presented in Chapter 3 (Chen et al., 2014), the robustness of this result
is supported by subsequent findings from studies in Xenopus oocyte extracts that show
XRHAMM-γTURC complexes anchor TPX2 and promote Ran-GTP dependent microtubule
assembly (Scrofani et al., 2015).

6.7.2

Limitations in experiments

Throughout this study, RHAMM protein expression is silenced by a pool of three siRNA
constructs. This method is advantageous as these siRNA constructs target the untranslated
regions of RHAMM mRNA, which enabled depletion of the endogenous protein and allowed for
subsequent rescue experiments through transient expression of the wildtype transgene or
truncation mutants. The exogenous RHAMM constructs are tagged with GFP at the N – terminus
to allow for easy visual inspection and subsequent immunoprecipitation. Despite high
transfection efficiency of the siRNA constructs, I was only able to reduce RHAMM protein by
80% as measured by quantitative Western blot analysis (section 3.2.3), suggesting incomplete
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knockdown of the endogenous protein. Therefore, I cannot dismiss the possibility that the
amount of residual protein may be sufficient to perform certain functions of RHAMM. A
complete loss of endogenous RHAMM protein expression in HeLa cells can be achieved by
utilizing the CRISPR-Cas9 (Clustered regularly interspaced short palindromic repeats-CRISPR
associated protein 9). However, due to the fact that RHAMM is required for mitosis progression
and cell cycle regulation, selected RHAMM knockout cell lines are often not viable (unpublished
data). To overcome this limitation, I performed some of the experiments in parallel using
HMMR-/- mouse embryonic fibroblast cells collected from a previously unpublished HMMR-/C57BL/6N mouse model (Maxwell lab). HMMR gene expression and RHAMM mRNA and
protein expressions in these cells and mice have been extensively characterized (3.2.12).
In Chapter 3, I utilized a characterized FRET-based probe for PLK1 activity to indirectly
measure Aurora A activity (section 3.2.9). PLK1 is a substrate for Aurora A and depletion of
Aurora A by siRNA is sufficient to attenuate PLK1 activity (Bruinsma et al., 2013; De Luca et
al., 2006; Macurek et al., 2008). As there was no Aurora A specific FRET probe available at the
time of my study, I choose to use the PLK1 FRET probe as an indirect measure for Aurora A
activity. As the PLK1 FRET probe is fused with the kinetochore protein Hec1, this probe
allowed the measurement of PLK1 activity specifically at non-centrosome assembly sites.
Recently, an Aurora A specific FRET probe has been published (Bertolin et al., 2016), and it
would be beneficial to further validate my findings using this novel construct. However, it is
important to note that this Aurora A-FRET probe (Bertolin et al., 2016) is a cell-wide reporter,
and, unlike the PLK1 FRET probe used in my study, is thus not able to distinguish Aurora A
activity at specific assembly sites.
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In Chapter 4, I utilized small molecule Eg5 inhibitor, STLC to rescue the metaphase
delay imposed by RHAMM silencing, suggesting a net gain of outward force in RHAMMsilenced cells due to hyperactive Eg5 activity. Single particle tracking experiments (Gable et al.,
2012) could be used to directly measure the velocity of Eg5 motor stepping and confirm a net
gain of outward motor force in RHAMM-silenced cells.

6.8

Suggested future studies

My findings provide new insights into the processes of mitotic spindle assembly and the
spindle checkpoint as well as the functions of RHAMM. While these studies answer several
questions presented in the literature prior to this investigation (outlined in section 1.1.4), new
questions were generated and warrant follow-up studies.

6.8.1

How does TPX2 regulate Kif15 localization at spindle poles?

TPX2 was named for its action in targeting Xklp2/Kif15 to spindle poles (Wittmann et
al., 1998). It is curious then that TPX2 localization to spindle poles was lost in RHAMMsilenced cells and yet the localization of Kif15 at spindle poles was retained. The exact
mechanism that targets and retains Kif15, a plus end directed motor, at centrosomes (microtubule
minus ends) remains elusive but it is known to depend on poleward transport by dynein
(Wittmann et al., 1998). Moreover, a C-terminus leucine zipper in Kif15 is required for its
centrosome localization (Wittmann et al., 1998); this motif is homologous to the bZip motif in
RHAMM, which I have shown to interact with TPX2. I hypothesize that TPX2 provides the two
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essential requirements for Kif15 localization at spindle poles: 1) TPX2 promotes dyneindependent transport of Kif15 to spindle poles initially and 2) TPX2 helps to retain Kif15 at
spindle poles. In RHAMM-silenced cells, I found that the reduced levels of TPX2 at the spindle
pole are sufficient for Kif15 localization. As my studies were immunofluorescence analyses of
fixed cells, I could not determine whether the kinetics of transport to, or retention at, spindle
poles was altered. To examine the kinetics of Kif15 transportation, I propose to track the location
of exogenous fluorescent-tagged Kif15 truncation mutants that lack the bZip motif (involved in
TPX2 binding) after silencing of endogenous Kif15. Alternatively, I propose to utilize
fluorescent-tagged, full-length Kif15 along with fluorescent-tagged full-length TPX2, or a Cterminus truncation mutant that lack the Kif15 binding motif, in cells depleted of both
endogenous Kif15 and TPX2, and follow the locations of these two exogenous constructs by
time-lapse imaging. To examine whether TPX2 may play a role in the subsequent retention of
Kif15 at spindle poles, I suggest utilizing: 1) fluorescence recovery after photobleaching studies
to study the recovery into a bleached spindle pole of tagged-Kif15 (in the presence or absence of
TPX2); and, 2) an inducible proteasome adaptor system (Wilmington and Matouschek, 2016) to
regulate targeted rapid degradation of TPX2 through the ubiquitin pathway. In brief, a TPX2specific proteasome adaptor would be transfected into the cell, which can mediate complex
formation between the proteasome and TPX2 upon induction by rapamycin (Wilmington and
Matouschek, 2016). Using this system, dividing cells would be arrested at metaphase first,
followed by the addition of rapamycin to promote rapid degradation of TPX2 to allow the
examination of whether Kif15 is retained at the spindle poles after it has been transported there.
This method is advantageous in that it ensures proper TPX2 levels are present during early
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mitosis for its proper functions, including the initial transportation of Kif15 to spindle poles and
activation of Aurora A to promote spindle assembly.

6.8.2

Does RHAMM promote Kt-MT attachments directly at kinetochores?

I have shown RHAMM to be necessary for the proper balance of motor protein forces
during metaphase spindle organization, which influences Kt-MT attachments at kinetochores. It
would be interesting to examine whether RHAMM may potentially alter the function of
kinetochore proteins during the spindle checkpoint response. In line with this, a previous IP/MS
screen identified a potential interaction between RHAMM and NDC80 (Neumann et al., 2010),
suggesting RHAMM may be directly involved in regulating Kt-MT attachments via the NDC80
complex. The NDC80 complex serves to connect chromosomes directly to microtubules, a
process that is aided through clustering of several adjacent NDC80 complexes upon microtubule
binding (Cheeseman et al., 2006; Ciferri et al., 2008; Tooley et al., 2011).
I hypothesize that RHAMM promotes proper Kt-MT attachments at kinetochores via
regulation of the NDC80 complex. Given RHAMM is capable of crosslinking adjacent
microtubules, I propose it may influence NDC80 clustering. To test this, I propose to use cryoelectron microscopy to examine whether clusters of NDC80 molecules are formed on
microtubule lattices in the absence of RHAMM. Cryo-electron microscopy allows subnanometer
resolution of protein structures, which can distinguish between a single molecule of NDC80 from
a pair, or a cluster, of NDC80 proteins. Alternatively, phosphorylation of two tail segments in
NDC80 by Aurora kinase B has been shown to cluster NDC80 proteins (Alushin et al., 2012).
Thus, RHAMM assists NDC80 phosphorylation by Aurora B. To test this, I propose to examine
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Aurora B activity at kinetochores in the absence of RHAMM, which can be monitored through
the presence of its phosphorylated substrates by fixed cell analyses, or using a validated FRET
biosensor (Fuller et al., 2008) by live cell analyses. Moreover, a variety of Aurora B specific
small molecule inhibitors can be used to serve as controls to chemically inhibit kinase activity,
such as ZM447439 and Hesperadin.

6.8.3

Does RHAMM modify the cancer predisposition syndrome mosaic variegated

aneuploidy (MVA)?

Loss of function mutations in BubR1 are causal for MVA (Bohers et al., 2008; Hanks et
al., 2004; Hanks and Rahman, 2005; Kajii et al., 2001; Kawame et al., 1999; Limwongse et al.,
1999; Suijkerbuijk et al., 2010). These mutations reduce BubR1 protein levels and induce a less
robust spindle checkpoint response that results in premature chromatid separation during mitosis
(Bohers et al., 2008; Hanks et al., 2004; Hanks and Rahman, 2005; Kajii et al., 2001; Kawame et
al., 1999; Limwongse et al., 1999; Suijkerbuijk et al., 2010), similar to cohesion fatigue that
follows metaphase arrest in RHAMM-silenced cells. Therefore, I hypothesize that alterations in
the expression of RHAMM may destabilize cell division through alterations to the spindle
checkpoint, which may associate with or modify the occurrence of MVA. In line with this
postulate, a patient with a mosaic variegated aneuploidy-like phenotype (refer to section 5.2.5
and 6.6.3) presented with a germline translocation between chromosomes 5q33 and 12q24
(t(5;12)(q33.3;q24.31), which is proximal to the HMMR/RHAMM locus, 5q33.2-qter (Spicer et
al., 1995). I examined two untransformed fibroblast cell lines, each with a t(5;12)(q33.3;q24.31),
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to examine a potential link between RHAMM and MVA (section 5.2.5, 5.2.6 and 6.6.3). My
preliminary findings show that increased HMMR copy number increases the frequency of
aberrant mitotic spindles and delays the completion of mitosis (section 5.2.6). For a more
detailed study of these cell lines, I propose to utilize time-lapse microscopy to monitor whether
cohesion fatigue and chromosome segregation errors are present in these cells. It is possible that
these events occur at a low baseline line frequency- lower that would be observed with BubR1
mutations but sufficient to modify predisposition to the disease. In addition to a predisposition to
cancers, MVA patients demonstrate a variety of developmental defects such as microcephaly,
growth and mental retardation (Bohers et al., 2008; Hanks et al., 2004; Hanks and Rahman,
2005; Kajii et al., 2001; Kawame et al., 1999; Limwongse et al., 1999; Suijkerbuijk et al., 2010).
These phenotypes have been recapitulated in mice carrying mono-allelic BubR1 MVA mutation
(Wijshake et al., 2012). Currently, Dr. Maxwell has generated a HMMR-/- C57BL/6N mouse
model (unpublished), which has displayed microcephaly and stunted growth. Thus, these mice
can be screened for the proportion of aneuploid cells and monitored for MVA associated
malignancies.
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6.9

Final remarks

This study identified new roles for RHAMM in the regulation of the Aurora A-TPX2
holoenzyme during mitotic spindle assembly and in the establishment of balanced motor forces
needed to promote chromosome segregation and mitotic exit. These findings highlight RHAMM
as a critical regulator of structural and biochemical processes during cell division and imply that
the deregulation of RHAMM may associate with genome instability and rare, hereditary disease.
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